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Our lab created ionizing radiation (IR) resistant populations of E. coli MG1655 through 
twenty cycles of exposure to IR and outgrowth. To identify the genetic alterations responsible for 
increased IR tolerance, a total of seven isolates from the evolved final population were re-
sequenced. However, the individual isolates sequence analysis revealed wide variety of unique 
genomic alterations with little overlap between the seven isolates and therefore, did not reveal 
the clear picture of the mutations responsible for IR resistance. Our current research focused on 
distinguishing the relevant mutations from the non-relevant mutations that contribute to IR 
resistance by using two methods: population sequencing and TaqMAMA with the assumption 
that beneficial mutations evolve and accumulate in the final population. A 255X deep coverage 
sequencing of the genomic DNA from the IR resistant final population determined mutant allelic 
percentage in this population for each polymorphism detected. TaqMAMA assay acted as a tool 
for verifying the sequencing results. This assay also revealed two evolutionary phenomena: 
clonal interference and hitchhiking suggesting that not all polymorphisms seen in the final 
population could contribute to IR resistance. The analysis of population sequencing results along 
with the phylogenetic analysis reduced the number of potential candidates responsible of IR 
resistance in these isolates. These possible contributors enable at least three unique mechanisms 
in the seven isolates and the survival data revealed that the related isolates have same levels of 
IR resistance possibly from the same mechanism. The identified candidates were transferred into 
the parent strain alone or in combination and the resulting strains were tested for survivability 
against IR. This experiment identified the possible reasons of IR resistance in these isolates. In 
fact, a RecA modification has been determined to be a lone contributor for IR resistance in the 
four isolates. The methods used here, enabled us to separate relevant mutations that accumulated 
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during evolution from non-relevant mutations that do not and thus helped to reduce the number 
of alleles possibly that could contribute to IR resistance. However, genetic characterization is 
required to confirm their role in IR resistance due to complexity that exists in allelic selection 
during evolution.  
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CHAPTER ONE: INTRODUCTION 
Ionizing radiation (IR) is defined as any electromagnetic or particulate radiation with 
energy sufficient to expel electrons from a molecule (Jonah and Rao, 2001). Electromagnetic 
radiation includes x-rays and γ rays, photons of shorter wavelength and higher energy. The 
electrons ejected by high energy electromagnetic radiation cause most of the damage associated 
with x-rays and γ rays (Spinks and Woods, 1990). These energetic fast electrons produce cellular 
damage directly and indirectly.  Direct effects occur when the fast electron directly ionizes a 
macromolecule.  Biological effects depend on whether the macromolecular damage inactivates 
an essential function required for cell survival.  Indirect effects are manifest when the high 
energy electrons generate free radicals from one or more of the abundant small molecules in the 
cell.  These free radicals are responsible for the biological effects. When fast electrons interact 
with water they can produce hydroxyl radicals (OH
.
), the most reactive oxygen species (ROS). 
Since water is 80% of a cell’s volume, free radicals generated from water are responsible for 75-
80% of the biological damage caused by IR (von Sonntag, 1987). Absorbed dose is usually 
reported in Gray (Gy) or kilo-Gray (kGy); one Gray corresponds to energy absorption of 10, 000 
erg/g.  The radioresistance of microorganisms is generally characterized by its D37 dose, the dose 
at which 37% of cells survive.  The D37 dose is the exposure that on average is required to 
inactivate a cell: the higher the D37 dose, the high the IR resistance of the organism.   The D37 
dose of Escherichia coli is approximately 30 Gy (Sweet and Moseley, 1976), which is typical for 
vegetative bacteria.  However, some bacteria can withstand very high doses of IR.  The 
bacterium Deinococcus radiodurans, one of the most  IR resistant organisms known, has D37 




1.1. Cellular Damage Caused by Ionizing Radiation 
Free radicals produced by IR are capable of reacting with and modifying all cellular 
macromolecules. Despite this fact, almost all studies on the nature of IR resistance in bacteria 
have focused on explaining how cells cope with DNA and protein damage.  DNA and protein 
damage are believed to have the most significant impact on cell survival and will be the focus of 
this discussion. 
1.1.1. Ionizing Radiation-Induced Damage to Nucleic acids 
Ionizing radiation causes a variety of DNA damage including base damage, inter-strand 
crosslinks, single strand breaks (SSBs) and double strand breaks (DSBs). Of these, nucleobase 
modification is the most common type of damage, with more than 80 types caused with IR 
(Bjelland and Seeberg, 2003).  Hydroxyl radicals add to the double bonds of bases and abstract 
protons leading to modification of bases and sugar residues. These base modifications often lead 
to mispairing and mutagenesis.  For example, oxidation of guanine leads to formation of 8-oxo 
guanine which may then mispair with thymine causing a G:C to A:T transition in the subsequent 
generation. Other examples of base damage include formation of thymine glycol, uracil glycol, 
8-hydroxy adenine, 5-hydroxyl uracil and also 2,6-diamino-4-hydroxy-N5-(2-oxoethyl)-
formamidopyrimidine (FAPY) adducts such as FAPY-deoxyguanine and FAPY-deoxyadenine 
adducts (Valko et al., 2006).  
Reactive oxygen species can also modify deoxyribose sugar leading to DNA cross-links 
and/or strand breaks.  Hydroxyl radicals affect the sugar-phosphate moiety in 10-20% of cases 
leading to SSBs (Breen and Murphy, 1995).  Single strand breaks in close proximity on opposite 
strands can lead to DSBs.  One DSB forms for every 20 SSBs resulting from gamma radiation 
(Krisch et al., 1991).  The formation of DSBs is directly proportional to the dose of IR (Burrell et 
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al., 1971) administered. In general, DSBs are considered a more severe form of damage caused 
by IR. Double strand breaks may encourage inappropriate exonuclease activity, resulting in the 
excision of the damaged bases in close proximity to the break, and loss of genetic information in 
both strands.  Ionizing radiation resistant and radio-sensitive organisms experience the same 
level of DSBs per Gy of dose per genome, approximately 0.002 to 0.006 DSBs/Gy/Mbp (Burrell 
et al., 1971; Gerard et al., 2001; Gladyshev and Meselson, 2008; Slade and Radman, 2011). An 
organism’s ability to survive IR reflects in their capacity to repair DSBs.    
1.1.2. Ionizing Radiation-Induced Damage to Proteins 
Hydroxyl radicals generated by IR react differently with varied amino acids. The 
cysteine, methionine, proline, arginine, histidine and lysine residues are more sensitive to 
oxidation (Rodgers et al., 1968; Schaich, 1980a; 1980b). Thus, the lesions formed by oxidative 
damage to the proteins depend upon the amino acid side chain that is attacked. Many different 
products are observed after oxidative damage to proteins, including glutamic acid semialdehyde, 
4-hydroxy-glutamate, 2-oxo-histidine, 3,4-dihydroxy phenylalanine, 3-nitro-tyrosine, 2-
pyrrolidone-4-hydroxy-proline, methinone sulfone and sulfoxide (Valko et al., 2006). Hydroxyl 
radical-mediated attack on glutamic acid and proline residues can also lead to peptide bond 
cleavage.  
1.2. Factors Influencing Ionizing Radiation Resistance 
The IR resistance of an organism is controlled by a number of external and internal 
factors. External factors include the growth phase of cultures, the growth medium, the irradiation 
medium, temperature at irradiation, recovery medium, and the pH of medium. Among these 
factors, the growth phase of cells is believed most significant. The cells in exponential phase 
growth are 3-fold more sensitive than the stationary phase growth cells (Keller and Maxcy, 
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1984).  The low oxygen content in the stationary phase cultures decreases the generation of 
reactive oxygen species that are responsible for the lethal effects. In addition, cells are in high 
concentration in stationary phase, which may passively shield other cells (Duggan et al., 1963). 
The physical state of cells during irradiation also influences the cell’s ability to survive. Sarcina 
species are 3-fold more sensitive when irradiated in aqueous suspensions relative to dried cells 
(Kilburn et al., 1958).  Presumably, the absence of water prevents hydroxyl radical formation, 
which is responsible for most of the indirect effects of IR.   
The growth medium can profoundly influence survival post-irradiation. D. radiodurans is 
significantly more resistant to IR when irradiated in TGY broth at pH 7 when compared with D. 
radiodurans cultures irradiated in TGY broth of pH 10.5.  This difference has been correlated to 
changes in the extent of protein oxidation; there is a decrease in manganese redox recycling 
(Daly et al., 2007) at the higher pH.  The increased availability of Mn
2+ 
 has been correlated with 
the IR resistance of D. radiodurans; the reduction in redox recycling results in more protein 
oxidation, and reduced viability.   Daly et al. argue that increased protein oxidation limits the 
cell’s DNA repair capacity by reducing the number of DNA repair proteins available to the cell.   
External factors added to growth media may also affect cell survival post-irradiation. The 
presence of reducing agent cysteine offers protection against gamma radiation (Duggan et al., 
1963). The presence of iodoacteamide, an agent that alkylates sulfhydryl groups in cysteine, or 
chloramphenicol, an inhibitor of protein synthesis, increases sensitivity of the organisms to the 
gamma radiation (Dean and Alexander, 1962; Kitayama and Matsuyama, 1968).  
 Internal factors affecting IR resistance are genetic and heritable. These factors are 
responsible for the differences in radiation sensitivity between species and are specific for the 
organism. For example, a spore forming organism is more resistant to IR than a non-spore 
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forming organism.  Formation of spores extrudes most of the water and therefore limits water 
availability for the formation of free radicals (Setlow, 1992).   In addition, there are a number of 
non-spore forming organisms that are highly IR resistant.  In one survey, 11 lineages of 
organisms within domains Archaea and Bacteria are reported to include IR resistant members 
(Cox and Battista, 2005).  The largest numbers of IR resistance are found in the domain 
Bacteria;   these include Deinococcus radiodurans (Battista and Rainey, 2001) , Acinetobacter 
radioresistens (Nishimura et al., 1994), Rubrobacter radiotolerans (Ferreira et al., 1999), 
Methylobacterium radiotolerans (Green and Bousfield, 1983), Chroococcidiopsis (Billi et al., 
2000), Gemmata obscuriglobus (Lieber et al., 2009), Hymenobacter actinosclerus (Collins et al., 
2000), Kineococcus radiotolerans (Phillips et al., 2002), Truepera radiovictrix (Albuquerque et 
al., 2005), Lactobacillus plantarum (Hastings et al., 1986) and Enterococcus faecium (van 
Gerwen et al., 1999).  Ionizing radiation resistance is also seen in some thermophilic archaea, 
including Thermococcus gammatolerans (Jolivet et al., 2003),  Pyrococcus furiosus (DiRuggiero 
et al., 1997), Desulfurococcus amylolyticus (Kopylov et al., 1993), and is reported in 
Halobacterium (Kottemann et al., 2005). Apart from these prokaryotes, a few eukaryotes are 
reported resistant to IR.  Ionizing radiation resistance eukaryotes include bdelloid rotifers like 
Philodina roseola (Gladyshev and Meselson, 2008), the fungi Cryptococcus neoformans 
(Dadachova et al., 2004), the slime mold Dictyostelium discoideum, the green alga Dunaliella 
bardawil (Ben-Amotz and Avron, 2002), the tardigrade Milnesium tardigradum (Horikawa et 
al., 2006) and the nematode Caenorhabditis elegans (Johnson and Hartman, 1988). Genetic and 
biochemical analysis of these organisms doesn’t reveal any common mechanism responsible for 
their radioresistance, suggesting that multiple mechanisms may be responsible for increased 
radiotolerance in these species. 
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1.3. Evolution of Ionizing Radiation Resistance in Bacteria  
It is difficult to explain extreme IR resistance in terms of natural selection. The overall 
flux of IR on Earth is very low. Maximum exposure in a natural environment is 400mGy per 
year (Cox and Battista, 2005) and this flux occurs in only two limited locations on Earth 
(UNSCEAR, 1982).  Ionizing radiation resistant organisms have been isolated from wide a 
variety of environments rich in organic nutrients, including soil (Murray, 1992), animals and 
their feces (Ito et al., 1983), the rhizosphere (Lai et al., 2006), sewage (Ito et al., 1983), 
processed and dried foods (Davis et al., 1963), and paper mill effluents (Vaisanen et al., 1998). 
Ionizing radiation resistant organisms have also been isolated from more extreme environments, 
including deserts (Rainey et al., 2005), hot springs (Ferreira et al., 1997), deep sea hydrothermal 
vents (Jolivet et al., 2003) and permafrost (Hirsch et al., 2004).    
 It is hypothesized that extreme environments cause DNA damage similar to that caused 
by IR.  In this model, IR tolerance is an incidental consequence of adaptation to these stressful 
environments.  Evidence supporting this hypothesis was provided when Mattimore and Battista 
(1996) linked IR resistance to desiccation resistance in Deinococcus radiodurans.  This group 
found that 41 IR sensitive strains of D. radiodurans were also sensitive to desiccation suggesting 
that the resistance to these stresses are functionally related.  In addition, environmental studies 
have demonstrated a greater abundance of IR resistant species in extreme environments relative 
to other less stressful locations.  For example, a large number of IR resistant organisms were 
recovered from the arid soil (Sonoran desert, Arizona, USA) and none from in a non-arid 
location (forest, Louisiana, USA) (Rainey et al., 2005).  
Other investigators posit  that the radiation resistance mechanisms may also have evolved 
as an adaptation to DNA damage caused by other stressful conditions such as exposure to heat in 
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thermal vents (Ferreira et al., 1997), exposure to background radiation while dormant in 
semifrozen conditions (Richmond et al., 1999), or as an adaptation to high levels of IR in 
manganese rich marine sediments (D'Hondt et al., 2004; Sghaier et al., 2007). The thermophilic 
archaeon, Thermococcus radiotolerans was isolated from the hydrothermal vent (Jolivet et al., 
2003). The DNA repair system in this archaeon has to be more efficient to correct the wide 
variety of damages caused by the high temperature present in hydrothermal vent and such 
efficient DNA repair systems could also contribute for IR resistance.   
1.4. Mechanisms of Ionizing Radiation Resistance 
IR causes similar amounts of DNA damage in both radiosensitive and radioresistant 
organisms (Burrell et al., 1971; Bonura and Smith, 1976; Battista et al., 1999; Gerard et al., 
2001; Daly et al., 2004). In E. coli, only a few DNA double strand breaks can kill the cell 
(Krasin and Hutchinson, 1977). IR resistant species can tolerate much higher levels of damage.  
For example, D. radiodurans can withstand a 5,000 Gy dose of ionizing radiation without loss of 
viability. This dose creates approximately 200 DSBs, 3000 SSBs and 1000 damaged bases per 
genome equivalent (Burrell et al., 1971). The mechanisms responsible for this resistance are not 
wholly characterized and as indicated above different mechanisms may function in different 
species.  As a consequence, there are a number of hypotheses concerning possible mechanisms 
of IR resistance, and they are summarized below. Deinococcus radiodurans is the most 
extensively studied IR resistant species, and most of the following discussion relates to 
mechanisms believed to operate in this species. 
1.4.1. Genome Copy Number 
 An increase in genome copy number has been positively correlated to increased IR 
resistance in E. coli (Krasin and Hutchinson, 1977) and Saccharomyces cerevisiae (Mortimer, 
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1958).  Copy number can have a role in increased IR resistance in at least two overlapping ways.  
First, with an increase in genome copy number, the probability of a critical locus being 
inactivated is lower. Since IR-induced DNA damage is introduced randomly, it is possible to 
estimate the probability of inactivating a given locus using the formula P
N
, where P is the 
probability of inactivating that locus as a single copy in the genome, and N is the number of 
genome (locus) copies present in the organism. Second, increased numbers of genome copies 
provides redundant genetic information that can be used by DNA repair systems to correct the 
damage caused by IR.  Recombination, a process that bacteria frequently use to repair DSBs, 
requires the presence of more than one genome copy of the DNA being repaired (Cox and 
Battista, 2005). 
1.4.2. Nucleoid Organization 
The nucleoid of several IR resistant species, including a number of Deinococcus spp. and 
Rubrobacter radiotolerans appears more condensed than the genome of the IR sensitive species, 
E. coli and Thermus aquaticus (Zimmerman and Battista, 2005). Such condensation may prevent 
the diffusion of DNA fragments and/or limit the activity of intracellular DNases post-irradiation, 
facilitating cell survival. However, direct evidence in support of this idea is limited.  
1.4.3. Enzymatic Processes Involved in Protection against Oxidative Stress 
 The activity of proteins that protect against oxidative stress (catalases, peroxidases, 
superoxide dismutases) correlates with ROS availability and may be a contributing factor for IR 
resistance (Wang and Schellhorn, 1995; Tian et al., 2004). Superoxide dismutatase (SOD) is the 
enzyme involved in conversion of O2
.–
  to H2O2  which is subsequently converted to H2O by 
catalases.  D. radiodurans Mn-SOD more efficiently eliminates superoxide radicals (O2
.-
) when 
compared with the corresponding E. coli Mn-SODs counterparts (Abreu et al., 2008). The 
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catalase activity in D. radiodurans is 15 times higher than E. coli.  Also, it was shown the 
predicted SODs and catalases were induced by IR in D. radiodurans (Liu et al., 2003).   
However, studies have shown that the SOD and catalase mutants of D. radiodurans indicate that 
these strains are not sensitive to doses of IR less than 12,000Gy (Markillie et al., 1999).  In the 
anaerobic thermophiles, P. furiosus and T. gammatolerans, the activity of SOD is replaced by 
superoxide reductase (SOR) to remove the ROS (Jenney et al., 1999) and SOR is highly induced 
upon exposure to IR (Williams et al., 2007).  There is also evidence for altered regulation of 
enzymes involved in redox homeostasis in IR resistant species.  Transcriptome analysis in H. 
salinarum NRC-1 revealed down-regulation of eight dehydrogenases, enzymes believed to play a 
role producing ROS, and up-regulation of thioredoxin, a protein that acts as an antioxidant 
(Whitehead et al., 2006). 
1.4.4. Non-enzymatic Processes Involved in Protection against Oxidative Stress 
 A number of non-enzymatic mechanisms involving small molecule antioxidants have 
been implicated in IR resistance mechanisms.  These antioxidants include carotenoid pigments 
and intracellular salts.  Studies have indicated that carotenoids from Deinococcus can protect 
DNA, protein and lipids from oxidative damages.  The carotenoids from D. radiodurans has 




 and H2O2) in vitro (Tian et al., 2007; Zhang 
et al., 2007).  Similarly, the membrane pigment, bacterioruberin has been suggested to play a 
passive role in protection in Halobacterium salinarum NRC-1. The colorless mutant of H. 
salinarum isolated by MNNG mutagenesis was 2.5 fold more sensitive than wild type to IR and 
H2O2.  This colorless mutant was also five-fold more sensitive to UV, but was as resistant as 
wild type against mitomycin-C, suggesting that the pigment is effective in protecting against UV 
and IR but not against cross-link formation by mitomycin-C (Saito et al., 1997; Shahmohammadi 
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et al., 1998). The level of DSBs and SSBs induced by IR was higher in mutant strain possibly 
suggesting the role pigment bacterioruberin in scavenging the free radicals (Shahmohammadi et 
al., 1998). 
Intracellular mineral content may also play a role in the IR resistance of radioresistant 
bacteria.  Some radioresistant organisms have high concentration of Mn
2+
 in conjunction with 
low levels of intracellular Fe
2+
.  This high Mn/Fe ratio is proposed to protect the cell from 
oxidative damage (Daly et al., 2004) in two ways; first, high intracellular Mn should scavenge 
ROS (Archibald and Fridovich, 1982), and second, a high Mn/Fe ratio reduces the formation of 
ROS through Fenton reaction.  D. radiodurans grown in defined medium without Mn
2+
 are six-
fold more sensitive to ionizing radiation than D. radiodurans grown in rich medium and the 
increased sensitivity correlates to a lower intracellular Mn/Fe ratio (Daly et al., 2004; Daly et al., 
2007).  Since the level of DNA damage in both radioresistant and radiosensitive organisms are 
same (Burrell et al., 1971; Gerard et al., 2001), it was proposed that the complexes involving 
Mn
2+
 protect cellular proteins from the oxidative damage.  The proposal was supported by the 
observations that levels of protein carbonyls, an indicator of protein oxidation, were higher in 
radiosensitive species relative to radioresistant organisms.   Daly et al. have suggested this result 
is most easily interpreted if one accepts the premise that higher levels of protein damage leads to 
loss of viability in irradiated cells (Daly et al., 2007).  These authors suggest that DNA repair 
enzymes are among the proteins protected by the proposed Mn
2+
 complexes.   Their argument is 
straightforward: DNA damage must be repaired for the cells to remain viable and it is the 
preservation of DNA repair proteins post-irradiation that enhanced cell viability.  Ionizing 
radiation sensitive species die because they cannot maintain DNA repair post-irradiation.  Recent 
studies have shown that Mn
2+
 will form complexes with orthophosphates, peptides or 
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nucleosides which scavenge ROS and protect the proteomes (Daly et al., 2010).  Filtrates of D. 
radiodurans, enriched with these metabolites, have been shown to increase the survival of E. coli 
and human cells to radiation ex vivo.  A reconstituted in vitro mixture of these metabolites also 
enhanced the survival of E. coli to ionizing radiation (Daly et al., 2010).  In a more recent study, 
it was shown that the protein free cell filtrates from radioresistant H. salinarum NRC-1 enriched 
in Mn
2+
 along with amino acids, protected the activity of DdeI enzyme up to 12 kGy in vitro, but 
the filtrates from radiosensitive E. coli did not protect the same enzyme more than 4 kGy in 
vitro.  This result indicates a role for Mn
2+
 complexes in protein protection in H. salinarum.   
The Mn
2+
 complex are also found in other bacteria but the contents of Mn
2+
 complex 
varies. Studies have shown that the Rubrobacter filtrates containing Mn
2+
 phosphate complex 
with trehalose, mannosylglycerate (MG) and di-myo-inositol phosphate (DIP) increased 
protection of plasmids and enzymes in vitro against IR (Webb and Diruggiero, 2012).  Similarly, 
the Mn
2+
-dipicolinic complexes have been attributed to increased radioresistance in Bacillus 
spores (Ghosh et al., 2011) and Mn
2+
-trehalose complexes has been attributed to increased 
desiccation tolerance in cyanobacteria (Shirkey et al., 2003) . 
Control of other intracellular metals has also been implicated in the IR resistance of 
bacteria and archaea.  In P. furiosus, the ferritin/Dps-like gene that codes for a protein involved 
in iron chelation is up-regulated on exposure to IR and this could limit the availability of iron for 
the Fenton reaction and therefore suppression of ROS production (Williams et al., 2007).  In H. 
salinarum NRC-1, a high intra-cellular concentration of chloride and bromide ions has been 
shown to reduce nucleotide modifications and protein carbonylation post-irradiation, enhancing 
the survival of the organism.  The authors proposed that these ions could acts as a ‘chemical 
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chaperone’ and scavenge the hydroxyl radicals, thereby reducing the oxidative stress to the DNA 
and proteins (Kish et al., 2009). 
1.4.5. More Effective DNA Repair as a Mechanism of IR Resistance  
A. Novel Protein Involvement in DNA repair 
As described earlier, D. radiodurans is most extensively studied radioresistant organism 
and many novel proteins have been linked to IR resistance in this species.  Five novel transcripts 
are highly induced following exposure of D. radiodurans to IR; they have been named DdrA, 
DdrB, DdrC, DdrD and PprA (Tanaka et al., 2004).  The functions of some of these proteins 
have been characterized. The DdrA (DNA damage response A) protein protects 3’ overhangs of 
ssDNA from exonuclease activity and thus preserves genomic integrity (Harris et al., 2004).  
DdrB protein has novel ssDNA binding fold distinct relative to other SSB proteins (Norais et al., 
2009; Sugiman-Marangos and Junop, 2010) and is proposed to be involved in a form of DSB 
repair referred to as single strand annealing (SSA). The PprA (pleiotropic protein promoting 
DNA repair) preferentially binds to DSBs and facilitates DNA end-joining reactions by DNA 
ligases in vitro (Narumi et al., 2004).  It was proposed that PprA protein could function as Ku-
like protein and stimulate non homologous end joining (NHEJ).  However, studies have shown 
that NHEJ is absent in D. radiodurans (Daly and Minton, 1996; Zahradka et al., 2006).  The 
functions of DdrC and DdrD are unknown but deletion mutant studies did suggest different roles 
of these proteins depending upon the types of damage (our lab, unpublished results). 
B. Novel Use of Conventional DNA Repair Processes 
 Ionizing radiation resistant organisms also express conventional DNA repair proteins, 
and it is possible that these repair pathways function more efficiently in IR resistant organisms 
relative to identical pathways in more IR sensitive species. The E. coli recA can only partially 
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complement D. radiodurans recA strain suggesting fundamental functional differences between 
these species’ RecA (Schlesinger, 2007).  Unlike, E. coli RecA (RecAEC), which preferentially 
binds to ssDNA, D. radiodurans RecA (RecADR) has preference to dsDNA, promoting strand 
exchange via an inverse pathway (Kim and Cox, 2002; Kim, 2006). Complexes formed between 
the RecADR and dsDNA are more energetically favorable than the complexes formed between 
RecADR and ssDNA (Kim, 2006). Also, unlike RecAEC which limits DNA degradation by 
binding to ssDNA, RecADR may promote fragmented DNA degradation through binding and 
unwinding of dsDNA with the hydrolysis of ATP, increasing the  accessibility of exonucleases 
such as RecJ (Slade et al., 2009; Slade and Radman, 2011) to DNA. In fact, the partial 
degradation of DNA fragments was less pronounced in recA mutant of D. radiodurans after 
exposure to 7 kGy dose of ionizing radiation (Slade et al., 2009), suggesting that RecADR 
generates the 3’ overhangs that are required for strand invasion during recombination and DNA 
DSB repair.  
RecA is an integral part of a process designated Extensive Synthesis Dependent Strand 
Annealing (ESDSA) attributed to D. radiodurans.  This mechanism appears to be unique to this 
bacterial genus and it has been suggested that it facilitates the reassembly of the D. radiodurans 
genome after introduction of large numbers of DNA DSBs.   During ESDSA, DSBs are recessed 
by UvrD and RecJ to form 3’ single strand overhangs. Then, RecA is loaded into these DNA 
substrates by RecFOR complex (Bentchikou et al., 2010), which along with RadA promotes 3’ 
strand invasion (Zahradka et al., 2006), promoting DNA synthesis by priming a complementary 
strand.  DNA synthesis is initiated by DNA polymerases I and III.  Following extensive DNA 
synthesis, it is assumed that there is branch migration of D-loops associated with newly formed 
dsDNA, but branch migration has not been extensively studied in ESDSA.  Displacement of the 
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D-loop presumably generates newly synthesized long DNA tails attached to dsDNA. These 
single strands can anneal with the complementary strands on other fragments and gap filling by 
DNA polymerase I (Slade et al., 2009) could fill these gaps.  Long intermediates containing 
blocks of old and newly synthesized DNA have been identified and it is assumed they serve as 
substrates for RecA-mediated homologous recombination that generates complete circular 
chromosomes (Kowalczykowski et al., 1994; Zahradka et al., 2006).   
1.5. Creating Ionizing Radiation Resistant Bacteria in the Laboratory  
 The exposure of the bacteria to repeated selective pressure can create strains resistance to 
that selective pressure (Wright and Hill, 1968; Milbourne, 1983) in the laboratory. This approach 
was first attempted when UV and IR resistant strain of E. coli B (Witkin, 1946b) were created 
following repeated exposure of E. coli B cultures to high dose UV light (Witkin, 1946b).  The 
elevated resistance was presumed due to mutation because the phenotype was heritable through 
subsequent  generations (Witkin, 1946a).  
Following this early study, a number of investigators have created IR resistant 
populations of bacteria and yeast. Ionizing radiation resistant populations of Saccharomyces 
cerevisiae were developed with iterative exposure of survivors to X-ray radiation (Maisin et al., 
1955).  Similarly, the IR resistance of E. coli was increased by 38% by exposing stationary phase 
cultures to seven iterative cycles of gamma radiation and outgrowth (Wright and Hill, 1968). 
Studies with Salmonella enterica serovar Typhimurium LT2 showed that the extent of IR 
resistance is related to number of repeated cycles of exposure and outgrowth (Davies and 
Sinskey, 1973).  The D10 of IR resistant cultures generated after 42 cycles and 84 cycles was 
approximately 10 fold and 20 fold higher than the LT2 parent strain, respectively.  The repeated 
exposure of surviving vegetative cells of Bacillus pumilus to 23 cycles of sublethal gamma 
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radiation led to a 4.5 fold increase in resistance in a strain, designated V-23 (Parisi and Antoine, 
1974). Apart from the increased IR resistance, the V-23 strain exhibited a number of other 
characteristics, including creation of a nutritional requirement of six amino acids, loss of the 
ability to form spores, and loss of motility.  These studies illustrate two important points: a) it is 
possible to create an IR resistant strain through prolonged exposure of a variety of 
microorganisms to IR, and b) that the selection of an IR resistant strain requires genetic change.  
Since IR is inherently mutagenic, it is assumed that most of the mutations are a consequence of 
exposure to IR.  Further, it is assumed that most of the mutations that appear post-irradiation are 
unrelated to the IR resistance phenotype.      
 All of the studies described above lack detailed genetic characterization, making attempts 
at predicting what genetic changes are responsible for the adaptation impossible. Several recent 
adaptive evolution studies have included whole genome sequencing in the process of identifying 
genetic changes underlying specific adaptations (Herring et al., 2006; Blount et al., 2008; Harris 
et al., 2009; Tenaillon et al., 2012).  For example, Tenallion et al. (2012) focused on identifying 
changes in the genome of E. coli necessary for adaptation to growth at higher temperature 
(42.2
0
C). For this purpose, 115 independent temperature-adapted clones were isolated and their 
genomes re-sequenced to identify potential convergence in mutations in genes of related 
function.  This analysis indicated that specific changes in rpoB the locus encoding the β subunit 
of RNA polymerase, and rho which encodes a transcription terminator could account for the 
adaptation. The results suggest that thermal adaptation can result from at least two different 





1.5.1. Creating Ionizing Radiation Resistant Strains of Escherichia coli and Characterizing 
those through Genome Sequencing 
 
In 2009, Harris et al. described the generation of four  IR resistant lineages of E. coli 
MG1655 using a strategy similar to that described in earlier literature (Harris et al., 2009). A 
single colony isolate of MG1655 was subjected to 20 cycles of exposure to IR and outgrowth. In 
the first iteration, an exponential phase culture was exposed to a dose that killed approximately 
99% of the population.  Survivors were allowed to grow to stationary phase; part of this 
population of survivors was used to start the culture irradiated in the second cycle and part of it 
archived for future analyses.  This pattern was repeated for all subsequent cycles; the surviving 
population used to initiate the next cycle of irradiation through all 20 cycles.  The dose of 
ionizing radiation used was increased as the experiment progressed, ensuring a 99% reduction in 
viability as the population became more IR resistant.  The dose administered during the first 
cycle was 2,000 Gy, and it increased to 10,000 Gy during the 20
th
 cycle.  Independent lineages 
were designated IR-1 through IR-4, identifying the selective pressure and the individual lineage.  
Individual archived populations were assigned numbers, identifying their position 
chronologically within this protocol; the population obtained after the first cycle in lineage IR-1 
designated IR-1-1, and the population after 20
th
 cycle as IR-1-20.  Individual isolates were 
obtained from IR-1-20, and after confirming that they exhibited enhanced IR resistance, these 
isolates were given the designation CBXXXX, where XXXX is a number 1000 or higher.  This 
nomenclature was maintained for populations and isolates obtained from lineages IR-2 – IR-4. 
Biochemical and physiological analysis of the IR resistant E. coli isolates did not reveal 
any obvious explanation for their increased radioresistance.  Cells maintained the size and 
morphology of the parent strain.  Microscopy did not reveal nucleoid compaction. The 
intracellular metal content of the radiosensitive parent and radioresistant isolates CB1000, 
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CB2000, CB3000 and CB4000 were identical.  There was no evidence of alterations in protein 
oxidation; protein carbonyls were in the radioresistant isolates and the parent strain.  
 Pulsed field gel electrophoresis of genomic DNA post-irradiation indicated that the 
genomes of the radioresistant isolates were degraded to the same extent as parent, suggesting 
absence of passive protection of the DNA.  However, the genomes of CB1000 and CB2000 
reassembled faster than the parent, indicating more effective DNA repair in these radioresistant 
isolates.   
In an attempt to reveal the genetic changes responsible for enhanced IR resistance in 
these isolates, the genomes of seven isolates from the IR-1-20 population (CB1000, CB1012, 
CB1013, CB1014, CB1015, CB1024 and CB1025) along with the parent strain were re-
sequenced using an Illumina platform.  Sequence analysis revealed a total of 369 polymorphisms 
in these seven isolates.  Base substitution mutations accounted for 97.5% of the polymorphisms.  
The number of polymorphisms associated with a single isolate varied from 40 to 71.  Assuming 
that the IR resistant phenotype would arise from related genotypic changes, the distributions of 
mutations detected in individual isolates from population IR-1-20 were compared to identify 
common genetic changes. Surprisingly, this analysis displayed little overlap in the isolates’ 
genotypes. Instead, sequencing suggested a diverse mutational landscape with 245 of the 
mutations detected occurring once.  Only two genetic changes linked all of the isolates.  1) The 
cryptic prophage e14 was deleted in all sequenced strains.  This prophage has been shown to 
undergo excision with the induction of SOS response (Wang et al., 2010).  The repeated 
induction of SOS response presumably caused excision of prophage e14 from all isolates.  2) All 
strains contained a mutation in at least one of genes encoding the proteins in the replication 
restart apparatus.   
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The SOS response is a global DNA repair response (Radman, 1975) induced by variety 
of DNA damaging agents, such as IR, UV radiation, chemicals mitomycin and bleomycin 
(Michel, 2005). This is regulated by two key proteins: LexA acting as repressor and RecA in 
filament form acting as inducer. The LexA protein exerts its activity by binding to the specific 
sequence, SOS box, present in the promoter region of the genes of the SOS regulatory network 
(Little, 1991).  The RecA protein exerts its activity by binding to the ssDNA generated during 
DNA damage and forming a nucleoprotein filament. This filament promotes autocatalytic 
cleavage of LexA leading to inhibition of LexA binding to the SOS boxes and therefore inducing 
expression from corresponding promoters associated with SOS boxes (Fig. 1.1). A total of nearly 
40 genes are regulated by this SOS response mechanism (Fernandez De Henestrosa et al., 2000).  
 
Figure 1.1. Schematic representation of SOS induction in E. coli. The RecA bound with ssDNA 
is the activated form and it facilitates autoclevage LexA protein dimer. This cleavage releases 




In addition, the filamented RecA can also cause inactivation of CI repressor that controls 
the excision of lambda phages (Sauer et al., 1982). The prophage e14 is a lamboid phage that has 
region encoding for b1145 protein (YmfK) which is similar to lambda repressor, CI. Therefore, 
induction of SOS response due to DNA damages caused during ionizing radiation could lead to 
inactivation of YmfK repressor and therefore, excision of prophage e14 (Greener and Hill, 1980; 
Mehta et al., 2004). 
During DNA replication, the replisome derails upon encountering the DNA lesions such 
as strand breaks. The DNA replication must resume for maintain the cell viability and replication 
restart proteins help in this step. The origin-independent replication fork reassembly itself 
involves seven proteins; PriA, PriB, PriC, DnaB, DnaC, DnaG and DnaT and the mechanisms of 
reassembly is divided into two categories; PriA-dependent and PriA- independent. In PriA 
dependent pathway, PriA is the key factor that initiates the replisome assembly (Heller and 
Marians, 2007).  The PriA protein binds with high affinity to the stalled forks and recombination  
mediated D-loop structures (Nurse et al., 1999). This 3’ to 5’ helicase activity of PriA protein 
then catalyzes unwinding of duplex and undergoes conformational change to interact with 
protein PriB (Liu and Marians, 1999). The PriB protein stabilizes PriA on DNA in addition to 
stimulating its helicase activity. The DnaT is recruited to the complex of PriA-PriB-DNA 
complex and resulting interaction between PriB and DnaT causes release of ssDNA. The 
interaction of DnaT with DnaB-DnaC allows the transfer of DnaB, the replicative helicase from 
the DnaB-DnaC complex into the ssDNA coated with SSB through hand-off mechanism (Lopper 
et al., 2007). This transfer is very important in the assembly of new replisome as DnaB interacts 
with the primase, DnaG and DNA polymerase III holoenzyme and replication restarts as 
functions of these factors (Tougu et al., 1994; Yuzhakov et al., 1996).  In PriA independent 
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pathway, the stalled forks are recognized by helicase, Rep protein and through its interaction 
with PriC stimulates replication restart (Heller and Marians, 2007; Lopper et al., 2007) and 



















Figure 1.2. Schematic representation of loading of different components of replication restart 
assembly. The different shapes are indicating different proteins involved in replication restart. 
The functions of these proteins are described above in this chapter. 
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Four of the seven isolates carry a base substitution mutation in dnaT (R145C)
1
, and base 
substitutions appear in dnaB (L75S) or priC (L163P) in the other three isolates. There are also 
changes common to some isolates, but not all. Non-synonymous base substitutions occur in recA 
(5/7 isolates), ruvB (3/7 isolates), ftsW/ftsZ (4/7 isolates), clpP/clpX (3/7 isolates), and gltS (4/7 
isolates) (Harris et al., 2009), suggesting a role for the encoded gene products in IR resistance.   
However, it is also possible that these mutations do not contribute to IR resistance.  Ionizing 
radiation is a powerful mutagen and mutations introduced early in the evolution of these isolates 
could be “hitchhiking” with other mutations critical to cell survival.  Clonal expansion of isolates 
best adapted to IR exposure is expected within each lineage. Since these bacteria do not 
exchange genetic material with others in the population, any mutation created early in evolution 
of an IR resistant isolate could be propagated during this expansion regardless of whether it 
contributes to cell survival. 
The presence of common genetic changes allowed the construction of a dendrogram that 
defines relationships between isolates (Fig. 1.3). More closely related isolates share mutations, 
having diverged from each other most recently. In Figure 1.1, related individuals form sub-
lineages that are depicted as branches in the dendrogram.  Isolates CB1014 and CB1015 share 
ten mutations, three of which are also present in CB1013 and CB1025, indicating that these four 
strains are derived from a common ancestor and that they may share a common mechanism for 
IR resistance.  In contrast, CB1000, CB1012, and CB1024 do not contain the same genetic 
changes that define CB1013, CB1014, CB1015 and CB1025.  CB1000 and CB1012 are related 
to each other, and CB1024 differs from the other strains sequenced, carrying a unique set of 
                                                           
1
 The mutations generated through evolution experiment have been described by the name of the 
modified gene or corresponding protein followed the amino acid change along with it’s position 
in a protein, throughout this document. For example, dnaT (R145C) denotes a mutation in dnaT 
gene and resulting amino acid change from arginine to cysteine at position 145 of the protein 
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mutations relative to the other six strains evaluated.  The dendrogram suggests a minimum of 


















Figure 1.3. A dendrogram defining the relationship between seven isolates of IR-1-20. Distinct 
lineages are identifiable through shared single nucleotide mutations. 
 
 The seven sequenced isolates also exhibit functional differences that reinforce the pattern 
of evolution identified in the dendrogram (Fig. 1.4). Strains CB1013, CB1014, CB1015 and 
CB1025 behave identically when exposed to 2,500 Gy gamma radiation, exhibiting 
approximately 30-fold increase in radioresistance relative to their parent. In contrast, 
CB1000/CB1012 and CB1024 are approximately 500-fold more resistant at the same dose.  
Presumably these differences in survival reflect the effectiveness of different mechanisms of IR 





Survival graph at 2,500 Gy
Strains






















Figure 1.4. Survival of the individual strains isolated from IR-1-20 population along with 
Founder at 2, 500 Gy dose of ionizing radiation.  
 
1.5.2. Identifying those Polymorphisms that Confer IR Resistance on Isolates of E. coli 
MG1655 
The lack of a consensus among the genotypes derived from sequencing isolates of IR-1-
20 presents a challenging experimental problem. The results suggest that there are multiple 
mechanisms of IR resistance, and that at least three of these mechanisms may have arisen 
simultaneously in a single lineage.  Without a biochemical understanding of those mechanisms,                 
we do not know if they share any underlying feature (i.e. all result in altered DNA repair or all 
affect protein oxidation), or whether they are distinctly different processes.  The large number of 
alleles present in each strain makes it impractical to consider reconstructing the phenotype in a 
wild type background, the number of potential combinations creating an untenable experimental 
task.  In addition, there is evidence that some of the alleles found require another mutation before 
IR resistance is possible.  If the dnaT allele found in CB1013, CB1014, CB1015 and CB1025 is 
built into MG1655, the cell becomes more sensitive to IR than the parent strain (Harris et al., 
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2009). Clearly, testing the dnaT allele’s contribution, if any, to IR resistance requires 
identification of the change or changes that suppress the deleterious effect observed when this 
dnaT allele is present in the background alone. 
1.6. The Objective of this Project 
From a practical point of view, the utility of the genome sequence data obtained depends 
on the ability to identify those changes responsible for the phenotype.  The random nature of 
DNA damage-induced and spontaneous mutation guarantees that some, if not most, of the 
polymorphisms identified are unrelated to the phenotype of interest.  Once a sequence is 
available, the challenge becomes one of separating the relevant genetic changes from the 
irrelevant.   In this project, I explore methods to assist in identifying those mutations critical to 
the ionizing radiation resistant phenotype observed in isolates of E. coli obtained from IR-1-20. 
My goal is to take advantage of techniques designed to detect polymorphisms in the presence of 
an excess of wild type DNA and determine if those polymorphisms increase as the evolving 
population adapts to IR-induced damage.  The appearance of these polymorphisms in the IR 
resistance population may be classified as beneficial or neutral.  I assume, because they are 
advantageous, that beneficial mutations quickly become fixed in the population and that with 
time these alleles will appear in a larger and larger fraction of cells in the evolving population.  
Thus, I expect that the fraction of a population carrying a beneficial allele will increase as a 
function of time (number of cycles of irradiation) once that allele arises.   In contrast, the fraction 
of neutral mutations, which offer no selective advantage, should not increase within the evolving 
population.   
In this project, I plan to use ultra-deep DNA sequencing to identify those mutations that 
accumulated as lineage IR-1 adapted to increasing exposure to IR.  This dataset should identify 
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all alleles that contribute to IR resistance in the evolving population.  By comparing the 
polymorphisms found in this dataset to those found in individual isolates, it should be possible to 
reduce the number of loci that encode proteins critical to IR resistance, perhaps lowering the 
number of possibilities to a manageable size that permits direct testing of each allele’s 
contribution to IR resistance.      
 





CHAPTER TWO: TRACING THE EVOLUTIONARY TRAJECTORY OF MUTATIONS 
IN AN EVOLVING POPULATION BY HIGH THROUGHPUT SEQUENCING 
 
2.1. Introduction 
Since there is no way of knowing how many of the polymorphisms are necessary for the 
IR resistance phenotype, or whether a specific polymorphism requires another genetic change to 
manifest its contribution to the phenotype, defining the alleles required for the IR resistance 
require identification of a method for characterizing the role of each mutation within the context 
of all other polymorphisms. In this chapter, I assess whether high throughout sequencing of the 
evolving population assists in identifying the polymorphisms necessary for IR resistance in these 
strains.   
The experimental approach is based on a fundamental axiom in evolutionary biology – 
individuals with polymorphisms that confer an advantage to a species under selection will 
accumulate in a population displacing individuals with less advantageous alleles.  Under 
selection, individuals best suited for survival make up a progressively larger component of that 
population.  If we consider a population of individuals to be a collection of genotypes, then by 
extension those genotypes containing polymorphisms best adapted to the selective pressure will 
also accumulate, becoming a larger and larger fraction of all of the genotypes present in the 
evolving population.  Assuming that polymorphisms can be accurately detected, ultra-deep 
sequencing (sequencing at depths greater than 100x) of archived stages in an evolving 
population’s timeline should provide a record of those genetic alterations that sweep through a 
population as it adapts; those changes that accumulate with selection categorizing themselves as 
potentially contributing to the adaptation.  Once these changes are identified, it should be 
possible to better define the mechanisms responsible for adaptation. 
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As described in Chapter 1, Harris et al. (2009) generated four independent IR resistant 
lineages from a single colony isolate of E. coli K12 strain MG1655.  That isolate, which was 
designated Founder, is the parent for all other strains discussed in this dissertation.  The 
Founder’s genotype carries seven polymorphisms relative to the published sequence of MG1655. 
The individual lineages in the Harris et al. study were designated IR-1, IR-2, IR-3, and IR-4.  
During this laboratory evolution protocol, cultures of MG1655 were irradiated at a dose that 
killed all but 1% of the population.  Survivors were allowed to grow to stationary phase, and part 
of the resulting population was archived at -80
o
C; the balance was used to initiate growth of the 
culture for the next cycle of irradiation.  Cultures were iteratively irradiated in this manner for 20 
cycles; the dose of IR administered increasing as the population’s IR resistance increased.  The 
archived populations, which were designated IR-1-1 through IR-1-20, represent a retrievable 
record of stages in the evolution of IR resistance in the lineage.  
2.2. Polymorphisms Detection by High Throughput Sequencing   
To establish that we could follow the genetic events that occur during adaptive evolution, 
purified genomic DNA was obtained from each archived population of interest and sequenced 
using the Illumina platform.  Since lineage IR-1 was characterized in greatest detail in Harris et 
al., archived stages from this lineage’s evolution were chosen for analysis.  IR-1 did not show an 
increase in IR resistance until the 12
th
 cycle of irradiation, the lineage becoming increasingly 
more radiotolerant during the final eight cycles.  Archived populations from stages IR-1-11, IR-
1-13, IR-1-17, and IR-1-20 were chosen for sequencing in an attempt to reveal as much of the 
lineage’s evolutionary history as possible within budget limitations.  DNA was randomly sheared 
into ~200bp fragments and the resulting fragments were used to create an Illumina library.   This 
library was sequenced on Illumina sequencers generating 36bp paired end reads. 
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  These reads were aligned to the reference genome and putative single nucleotide 
polymorphisms (SNPs) and small indels were called using maq-0.7.1 at defaults (Li et al., 2008) 
and SNPdetection_pooledSequence at haplotype number of 20 (Holt et al., 2009).  Putative 
structural variants were called using BreakDancer (Chen et al., 2009), filtering for a confidence 
score of >90. 
The frequency of a given polymorphism was calculated by dividing the number of times 
that polymorphism appeared in the sequenced DNA by the number of times that region of the 
genome was sequenced (number of times that polymorphism appeared plus number of wild type 
sequences that appear at the position of the polymorphism). A depth of coverage of at least 255X 
coverage was obtained for each population sequenced; this level of coverage should reliably 
detect any polymorphism that appears in greater than 0.5% of the sequenced population.   
Sequencing detected 498 unique polymorphisms within the archived populations from 
stages IR-1-11, IR-1-13, IR-1-17, and IR-1-20 relative to Founder.  Table 2.1 provides a physical 
description the types of polymorphisms detected and their abundance.  Details concerning each 
mutation can be retrieved from Supplemental Table.  Greater than 99% of the mutations detected 
are SNPs.  Of these SNPs, 94% are base substitutions, 79% of which potentially alter protein 
function through creation of missense or nonsense mutations within a coding sequence. 
Table 2.1. The type and number of unique polymorphisms detected upon sequencing archived 
populations preserved during the adaptation of E. coli MG1655 to high dose ionizing radiation.  
Statistics are derived by summing the results obtained from four stages (IR-1-11, IR-1-13, IR-1-
17, and IR-1-20) in the evolution of the IR resistant lineage IR-1.   
Polymorphism Numbers Found 
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As illustrated in Figure 2.1, the increase in IR resistance in this population (Harris et al., 
2009) correlated with the appearance of polymorphisms in these populations, the number of 
detectable polymorphisms increasing with repeated exposure to IR. Only 34 polymorphisms 
were identifiable in population IR-1-11; this number increasing to 368 in IR-1-20.  The total 
number of unique polymorphisms detected in all four populations (Table 2.1) is greater than the 
number of polymorphisms detected in IR-1-20. This difference occurs because some alleles 
appear and are lost in subsequent populations and others only appear in IR-1-20.    
2.3. The Reliability of Allele Frequency Determinations Obtained by High Throughput 
Sequencing 
 
 A cursory examination of the allele frequencies provided in Supplemental Table suggests 
that sequencing an evolving population at great depth provides a high resolution method to 
identify and follow the fate of all alleles that form during that evolution. However, that 
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conclusion assumes that the data obtained is reliable, accurately reflecting the allelic frequencies 
in the populations. To validate the results of Supplemental Table 1, a second method for 
determining allele frequency was employed and the results of that analysis compared to allele 
frequencies calculated from sequence data.              
     
Population cycle





















    
Figure 2.1. The accumulation of polymorphisms during the adaptation of lineage IR-1 to ionizing 
radiation. 
       
The TaqMAMA protocol was designed as a quantitative allelic discrimination assay that 
combines quantitative PCR with a mismatch amplification mutation assay (Li et al., 2004), The 
technique determines allelic frequencies within a population by permitting an investigator to 
exclusively amplify single nucleotide polymorphisms in the presence of wild type sequences.  
This differential amplification is possible because two different forward primers, one amplifying 
the allele and other amplifying the wild type sequence (Glaab and Skopek, 1999), are used in the 
analysis.  The primer that amplifies the allele (mutant primer) is designed so that its 3’ base is 
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complementary to the polymorphism, but the penultimate 3’ base is a mismatch whether bound 
to the allele or to the wild type sequence (Fig 2.2).  The mutant primer can bind to and amplify 
the sequence containing the polymorphism, but because it contains two terminal 3’ mismatches 
to the wild type sequence, Taq DNA polymerase cannot extend from the primer.  In a mixed 
population where sequences containing the allele and wild type sequences coexist, only the 
sequences containing the allele will be amplified when the mutant primer is used, providing a 
means of quantifying allelic frequency. Similarly, primers specific for the wild type sequence 
can be used to selectively amplify and quantify the fraction of wild type in the population 
 









Table 2.2. compares allele frequencies calculated from sequence data in IR-1-20 with 
frequencies calculated using the TaqMAMA assay.  In this initial study ten SNPs, all the result of  
base substitutions in coding regions were examined. The methods exhibited remarkable 
agreement, predicting the same frequencies for alleles that comprised as little as 4% and as much 
as 40% of the population.   This result indicates that allele frequencies determined from 255X 
                                           Wild sequence (5’- 3’)                        Mutant sequence (5’- 3’)                                  
                           TAC GGC GAA CTG GTT GA               TAC GGC GAA CTG GTT GC 
Wild primer        TAC GGC GAA CTG GTT aA                TAC GGC GAA CTG GTT aa       
(5’ – 3’) 
Mutant primer    TAC GGC GAA CTG GTT ac                  TAC GGC GAA CTG GTT aC   
 (5’- 3’)   
 
Figure 2.2.  Depiction the mismatch created by the primers, the basis for TaqMAMA. One of 
the mutation in recA is A to C transversion (bolded in the sequence). Primers were designed 
to have one or two mismatches at 3’end. The mismatches are indicated by the small letters. 
The wild type primer has two mismatches with the mutant sequence and vice-verse. 
Amplification occurs if there is only one mismatch at the 3’ end as with wild type primer with 
wild sequence and mutant type primer with the mutant sequence. 
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sequence coverage accurately reflect the composition of the populations of interest.  In addition, 
the result indicates that TaqMAMA assay can be used to extend the sequence data by following 
individual alleles through stages in the evolutionary process that were not sequenced.  Both 
methods will be used extensively in subsequent chapters. 
Table 2.2. The comparison of SNP frequencies determined by TaqMAMA assay and direct 
sequencing of genomic DNA isolated from IR-1-20. The SNP frequencies reported from 
sequence data were calculated by dividing the number of substitutions identified at a specific 
position by the sum of the number sequences detected that include that position.  The SNP 
frequencies reported for the TaqMAMA assay were calculated using copy numbers obtained by 
quantitative PCR done with primers that selectively amplify from the SNP or the wild type base 
at the given position. The base substitutions are defined by providing the wild type and modified 
codons in the column labeled Polymorphism. Position numbers are those assigned to E. coli 
MG1655. 
Gene Position Polymorphism 








































































































46.75 ± 1.9 
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CHAPTER THREE: DEFINING THE MECHANISMS OF IONIZING RADIATION 
RESISTANCE IN LINEAGE IR-1: USING ULTRA DEEP SEQUENCING TO 
IDENTIFY THE GENETIC MODIFICATIONS RESPONSIBLE FOR THE INCREASED 
RADIOTOLERANCE OF CB1013, CB1014, CB1015, AND CB1025 
 
3.1. Introduction  
Chapter 1 introduced the work of Harris et al., describing the generation of seven IR 
resistant isolates of E. coli MG1655, the attempts to characterize this resistance by determining 
the genotype of each isolate by genome re-sequencing, and the difficulties encountered in trying 
to compare that sequence data between isolates. Briefly, the results obtained suggested that there 
may be multiple mechanisms responsible for IR resistance and that a simple comparison of 
mutations found in different isolates was not sufficient to define any single mechanism. Chapter 
2 describes two techniques – ultra deep sequencing and the TaqMAMA assay – that accurately 
detect changes in the frequency of alleles in populations archived from the lineage that arose as 
the parent strain used by Harris et al. adapted to exposure to IR.  In Chapter 2, I hypothesized 
that the appearance and accumulation of an allele in these populations suggested that it was 
being selected, tagging that allele as putatively contributing to IR resistance in that isolate.  In 
this chapter, I begin to explore that idea by describing how allelic frequencies can be used to 
winnow the lists of polymorphisms associated with individual IR resistant isolates, separating 
those changes that could contribute to the phenotype from those that do not contribute.    
 I assume the polymorphisms that appear in the IR resistance isolates discussed in Chapter 
1 may be classified as beneficial, detrimental, or neutral (Gerrish and Lenski, 1998; Jayaraman, 
2011).  I also assume, because they are advantageous, that the beneficial mutations become fixed 
in the population that gave rise to this isolate and that with time these alleles appear in a larger 
and larger fraction of cells in the evolving lineage.  Thus, I expect that the fraction of a 
population carrying a beneficial allele will increase as a function of time (or the number of cycles 
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of irradiation and outgrowth in this circumstance) once that allele arises.  In contrast, detrimental 
polymorphisms should quickly disappear from the lineage, killing or crippling the cell that 
contains them. The fraction of neutral mutations, which offer no selective advantage, should not 
increase within the evolving lineage unless they are hitchhiking in a cell carrying a beneficial 
mutation. I distinguish potentially beneficial mutations by establishing when an allele first 
appears in the evolving lineage and determining if that allele has increased with time within the 
lineage using the techniques described in Chapter 2. To demonstrate the process, I describe its 
application to IR resistant isolate CB1014 before extending it to other isolates.  CB1014 is 
chosen for this analysis, because it contains the smallest number of polymorphisms, and because 
it is closely related to three other IR resistant isolates (Fig 1.1.) within the lineage IR-1.     
3.2. Identifying the Subset of Mutations that could be contributing to the Ionizing 
Radiation Resistance of Isolate CB1014 
 
CB1014 was isolated as a single colony from population IR-1-20.  The strain is 
approximately 25-fold more resistant to ionizing radiation relative to the parent strain, designated 
Founder (Fig. 1.2).  The genome of CB1014 carries 52 mutations when compared to the 
published consensus sequence for E. coli MG1655.  Seven of these mutations are present in the 
Founder. CB1014 contains a deletion of prophage e14, and there are 44 base substitution 
mutations. These base substitutions include one nonsense mutation, three mutations is non-
coding regions, and 21 missense mutations that result in non-synonymous amino acid 
substitutions.  The remaining 19 base substitutions are within coding sequences, but result in 
synonymous changes that do not affect the amino acid composition of the encoded protein.  A 





Table 3.1. The 44 base substitution mutations found in CB1014 relative to the Founder.  The 
Founder is a single colony isolate of E. coli MG1655 and parent of CB1014. The position of 
each mutation is identified using the base numbering system developed for the genome sequence 
of MG1655.   Four types of mutations are described in this table: synonymous base substitutions 
(S), non-synonymous base substitutions (N), mutations in non-coding regions (NC), and 













lpxC 107033 C T I 159 I S 
hofB 116428 G A T 224 T S 
proA 261858 T C F 378 L N 
yagW 305033 G C Q 337 E N 
yagX 306927 C T D 544 N N 
clpX 457803 A G Y 385 C N 
folD 556376 G A R 197 C N 
ybiN 841636 C T P 28 S N 
yliG 876334 G A P 309 S N 
cydC 927416 C T D 335 N N 
ttcA 1409903 G A R 24 C N 
recE 1413629 G A D 594 D S 
ydbL 1444103 A G Q 67 R N 
ydhA 1716204 G T G 72 G S 
yeaI 1869338 G A V 310 V S 
yeaJ 1870557 G A V 165 I N 
yeaM 1873502 A G S 33 S S 
cbl 2058107 G A Q 278 - TER 
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hisC 2091123 C T N 234 N S 
- 2185344 G A - NC 
yehX 2215324 A G S 36 P N 
yeiG 2241988 C T H 19 H S 
ccmA 2295436 G A N 77 N S 
nuoH 2394562 G C G 301 G S 
mnmC 2441067 T C Y 428 H N 
yfdF 2461525 G A G 164 G S 
ypdE 2502874 G A G 232 G S 
eutD 2570543 G A R 329 C N 
yfjI 2757855 T C F 283 F S 
recA 2820962 T G D 277 A N 
ygfU 3030225 T C G 279 G S 
nlpI 3306455 A G P 164 P S 
yrbC 3335355 T A T 187 S N 
cysG 3497167 A G I 440 V N 
yrfF 3526497 C T A 669 A S 
yhhH 3621491 G A V 24 I N 
- 3653245 C A - NC 
gltS 3825922 A G V 256 A N 
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bglH 3898645 C T Q 533 Q S 
frvR 4086862 A G C 339 C S 
fabR 4159346 G A G 67 D N 
- 4540704 A G - NC 
uxuB 4552285 C T A 454 A S 
dnaT 4599105 G A R 146 C N 
 
Based on the ultra-deep population sequencing data (Supplemental Table), only 15 of the 
base substitutions accumulated as lineage IR-1 evolved (Table 3.2); none of these 15 alleles 
could be detected in IR-1-11, and only two were found in IR-1-13.  However, all were 
discovered in IR-1-17 and IR-1-20. The other 29 alleles identified in Table 3.1, those that did not 
accumulate with selection, presumably do not play a role in the ionizing radiation resistance 
phenotype of CB1014. Of the 15 genetic changes that accumulate with selection, seven are 
synonymous base substitutions and one mutation is in non-coding region, and these mutations 
are presumed to be hitchhiking mutations. The accumulating mutation in non-coding region of 
strain CB1024 is in the region that does not constitute regulatory elements of gene suggesting no 
role in IR resistance. Assuming that an increase in allelic frequency signals the potential 
importance of that allele to the adaptation, this comparison suggests that a maximum of eight 
polymorphisms – the e14 deletion and the seven non-synonymous base substitutions identified in 
Table 3.2 – contribute to the IR resistance of CB1014.  This result thus offers hope that the 
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complexity of the problem associated with a more definitive characterization of IR resistance has 
been reduced; dealing with eight polymorphisms is easier than dealing with 45 polymorphisms.   
Table 3.2. Mutations found in CB1014 that accumulated in the irradiated population as 
determined by ultra-deep sequencing. Archived populations 1-11, 1-13, 1-17, and 1-20 were 
sequenced (depth 255 X), and single nucleotide polymorphisms (SNPs) detected and quantified 
for each position within the genome.  The columns labeled Reference and SNP identify the base 
present in the Founder and CB1014, respectively.  Mutations are classified as synonymous (S) or 
non- synonymous (N), based on whether the SNP results in an amino acid substitution in the 
encoded protein. SNP frequency was calculated by dividing the number of substitutions 
identified at a specific position by the sum of number sequences detected that include that 
position for a given population.   Position numbers are those assigned to E. coli MG1655. 
Gene Position Reference SNP 
Mutant 
Class 
SNP Frequency x 100 























































































































































Table 3.2. cont. 
Gene Position Reference SNP 
Mutant 
Class 
SNP Frequency x 100 
1-11 1-13 1-17 1-20 



















         
The TaqMAMA assay was used to verify the results obtained by sequencing.   
Appropriate primers were obtained and 30 different single nucleotide polymorphisms found in 
CB1014 were followed using the archived populations taken from lineage IR-1.  These 30 SNPs 
included the seven non-synonymous mutations, three synonymous mutations listed in Table 3.2, 
that accumulate during selection, as well as 14 SNPs that according to the population sequence 
data did not accumulate.  In addition, primers were developed to follow three polymorphisms 
found in ybhJ, yebN, and rbsR that appear in the Founder genome (and so in all of the ionizing 
radiation resistant strains that evolved from the Founder), but not MG1655.   
 Table 3.3 summarizes the results of the TaqMAMA assay when applied to SNPs 
associated with CB1014.  Genomic DNA isolated from the Founder and from CB1014 provided 
the expected results.   The primers designed for this analysis did not identify CB1014-specifc 
SNPs in the Founder, but CB1014-specifc SNPs were the only signal detected in CB1014 
genomic DNA.  The frequency for a SNPs appearance in Founder DNA was 0.43 ± 0.05%.  
Values are averaged over the 27 CB1014-specifc SNPs examined; these results reinforce those 
reported in presented in Table 3.2 and confirm that (as reported in Chapter 2) the primers used 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.3. Comparing the Genotype of CB1014 with Related Isolates 
Once the alleles that accumulate under selection are identified through deep sequencing, 
it should be possible to further refine this list by comparing those genetic alterations with alleles 
that appear in other related isolates. If one assumes that the closer two related IR-resistant strains 
are to each other the more likely they are to share the same mechanisms of protection from IR, 
then comparing the genotypes of these isolates should further define the subset of genetic 
changes required for IR resistance. CB1014 and CB1015 are closely related (Fig. 1.1), and 
exhibit the same degree of IR resistance (Fig. 1.2), suggesting that they utilize the same 
mechanisms of radiotolerance. CB1014 and CB1015 share eleven polymorphisms, the e14 
excision/deletion and ten base substitutions, all of which accumulate as the lineage adapts to the 
selective pressure. Only four of these base substitutions result in non-synonymous mutations 
(Table 3.4), suggesting that at most five mutations account for the increase in IR resistance of 
CB014 and CB1015. 
Table 3.4. Mutations shared in CB1014 and CB1015 that accumulated in the irradiated 
population as determined by ultra-deep sequencing. Archived populations 1-11, 1-13, 1-17, and 
1-20 were sequenced (depth 255 X), and single nucleotide polymorphisms (SNPs) detected and 
quantified for each position within the genome.  The columns labeled Reference and SNP 
identify the base present in the Founder and CB1014 (or CB1015), respectively.  Mutations are 
classified as synonymous (S) or non- synonymous (N), based on whether the SNP results in an 
amino acid substitution in the encoded protein. SNP frequency was calculated by dividing the 
number of substitutions identified at a specific position by the sum of number sequences detected 
that include that position for a given population.   Position numbers are those assigned to E. coli 
MG1655. 
Gene Position Reference SNP 
Mutant 
Class 
SNP Frequency x 100 






     -- 
-- 42 12 
yliG 876334 G 
 
A N -- -- 30 14 
nuoH 2394562 G 
 
C S -- -- 39 15 
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Table 3.4. cont.  
 
Similarly, CB1014 and CB1015 are related to the strains CB1013 and CB1025 (Fig. 1.1), 
exhibiting the same level of IR resistance (Fig. 1.2) to a 2,500 Gy exposure. CB1013 and 
CB1025 share 20 polymorphisms that accumulate in the evolving lineage (Table 3.5), including 
the e14 associated deletion and 19 base substitutions. Of these, only the e14 deletion and three 
non-synonymous base substitutions are shared with CB1014 and CB1015. The base substitutions 
results in amino acid substitutions in GltS (V255A), DnaT (R145C), and RecA (D276A).  Some 
combination of these four polymorphisms presumably results in the increased ionizing radiation 
resistance of the isolates CB1013, CB1014, CB1015 and CB1025 and defines one of the 
mechanisms of IR resistance observed in IR-1.    
3.4. Testing whether the Alleles Common CB1013, CB1014, CB1015 and CB1025 Duplicate 
the Ionizing Radiation Resistance Observed in these Isolates 
 
The analysis reported above indicates that four genetic changes, alone or in combination, 
are responsible for the IR resistance observed in the sub-lineage of IR-1 that includes CB1013,  
Gene Position Reference SNP 
Mutant 
Class 
SNP Frequency x 100 
1-11 1-13 1-17 1-20 
yfdF 2461525 G 
 
A S -- -- 43 15 
recA 2820962 T 
 
G N -- -- 54 40 
nlpI 3306455 A 
 
G S -- -- 46 17 
gltS 3825922 A 
 
G N -- -- 55 40 
bglH 3898645 C 
 
T S -- -- 42 15 
uxuB 4552285 C 
 
T S -- 1 44 15 
dnaT 4599105 G 
 




Table 3.5. Mutations shared in CB1013 and CB1025 that accumulated in the irradiated 
population as determined by ultra-deep sequencing. Archived populations 1-11, 1-13, 1-17, and 
1-20 were sequenced (depth 255 X), and single nucleotide polymorphisms (SNPs) detected and 
quantified for each position within the genome.  The columns labeled Reference and SNP 
identify the base present in the Founder and CB1013 (or CB1025), respectively.  Mutations are 
classified as synonymous (S) or non- synonymous (N), based on whether the SNP results in an 
amino acid substitution in the encoded protein. SNP frequency was calculated by dividing the 
number of substitutions identified at a specific position by the sum of number sequences detected 
that include that position for a given population.  Position numbers are those assigned to E. coli 
MG1655. 
Gene Position Reference SNP 
Mutant 
Class 
SNP Frequency x 100 
1-11 1-13 1-17 1-20 
ftsW 99207 A 
 
G N 
     -- 
-- 5 21 
cusA 598463 A 
 
G N -- -- 2 21 
ybhJ 804535 G 
 
A N -- -- 1 24 
-- 890053 C 
 
T NC -- -- 4 18 
msbA 966949 G 
 
A N -- -- -- 15 
-- 1286465 G 
 
T NC -- -- -- -- 
ydcU 1511931 G 
 
C N -- -- 6 26 
yneH 1610745 C T S -- -- -- 
 
15 
ynfF 1659029 G 
 
A S -- -- 4 24 
yniA 1806324 A 
 
G N -- -- 5 22 
astB 1825116 G A S -- -- 2 
 
20 
ruvB 1943323 C A N -- -- -- 
21 
 
asmA 2138470 G A S -- -- 4 
 
26 
recA 2820962 T G N -- -- 54 
 
40 
-- 3086156 G A NC -- -- 4 
 
23 





Table 3.5. cont. 
 
CB1014, CB1015 and CB1025. Although this result has reduced the number of alternative 
explanations for IR resistance in this group, I have not yet demonstrated that any of these 
changes affects the phenotype. To provide unequivocal evidence that detecting an allele in an 
evolving population predicts that allele’s involvement in IR resistance, I must establish whether 
these alleles can confer radiotolerance on the parent strain. In other words, it is necessary to 
transfer these alleles to the Founder and determine if the Founder expresses the same level of IR 
resistance as observed with CB1013, CB1014, CB1015 and CB1025. Mutants were created using 
modified Wanner method (Datsenko and Wanner, 2000) as described in the Appendix and 
mutant alleles were transferred to the Founder using the P1 transduction.     
3.4.1. Deletion of Prophage e14 does not Affect IR Resistance 
 None of the seven IR resistant isolates described in this study carried the prophage e14. 
The prophage’s excision is presumed to be in response to IR-induced DNA damage and 
induction of the SOS response (Greener and Hill, 1980).  This prophage could not be detected in 
any population sequenced, making this the only polymorphism common to every isolate 
examined. Clearly the excision of e14 occurred before population IR-1-11 was generated.  To 
determine when excision took place, I employed quantitative using PCR primers specific for 
Gene Position Reference SNP 
Mutant 
Class 
SNP Frequency x 100 
1-11 1-13 1-17 1-20 
selA 3758316 C T S -- -- 5 
 
20 
gltS 3825922 A G N -- -- 55 
 
40 
yjgL 4475030 A G N -- -- 2 
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pinE, an e14-specfic gene that encodes a DNA invertase (Mehta et al., 2004). Since E. coli 
MG1655 does not encode a pinE homologue, it was possible to follow phage excision by 
tracking pinE abundance as a lineage evolved. The level of pinE in the population was 
normalized by comparing its level to that of the recA gene.  Functional RecA must be present to 
initiate the SOS response (Little, 1982; Kuzminov, 1999).  In the Founder, approximately 97% of 
the population contains pinE; calculating the fraction of pinE present using this method 
introduces a 3% error.   
Figure 3.1 depicts the disappearance of e14 from the four lineages created by Harris et al.  
Each study reveals that the fraction of cells containing pinE rapidly decreases with repeated 
exposure to IR.  With lineage IR-1, the level of pinE gene was reduced by 10% after a single 
round of irradiation, and pinE could no longer be detected by 8
th
 cycle of exposure.  The 
disappearance of pinE was even faster in the other lineages; prophage e14 could not be detected 
after the 4th cycle of irradiation in IR-2, IR-3, or IR-4 (Fig. 3.1).  Since IR resistance did not 
increase in the populations examined until IR-1-12 in lineage IR-1, it was assumed that excision 
of e14 did not significantly contribute to the phenotype.   
To provide further evidence that loss of e14 had no effect, I transferred this allele from 
EAW77, a ∆e14 derivative of MG1655 (Harris et al., 2009), to the Founder (parent of CB1013, 
CB1014, CB1015 and CB1025), and tested the resulting strain, designated JBMP3, for IR 
resistance.  As illustrated in Figure 3.2, the resistance of the Founder was not altered by deletion 
of the e14 prophage, even after a  2,500 Gy exposure the survival of JBMP3 and the Founder 
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Figure 3.1. Disappearance of prophage e14 (pinE) with evolution for radioresistance. The X-axis 
denotes the cycle of evolutions and the Y-axis denotes the pinE allelic frequency normalized 
against recA frequency. The different evolution series are denoted by different symbols: IR-1 
series by closed circles, IR-2 series by closed squares, IR-3 series by open circles and IR-4 series 
by open squares. 
 
















Figure 3.2. The ionizing radiation resistance of JBMP3. JBMP3 is a ∆ e14 derivative of the 
Founder (see text).  Closed circles denote the survival of the Founder and open circles denote 




3.4.2. Expression of the Modified DnaT (R145C) has No Effect on Ionizing Radiation 
Resistance  
 
All IR resistant isolates, whether they were recovered from IR-1, IR-2, IR-3, or IR-4 
carried a base substitution in at least one component in the replication restart primosome (Harris 
et al., 2009), suggesting that modifying this complex is critical for IR resistance.  Replication 
forks stall when DNA damage is encountered and these forks must be reactivated to maintain 
cell viability (Cox et al., 2000). Given the level of damage inflicted during the evolution of 
lineage IR-1, it is not difficult to imagine how a change of function in one or more of these 
proteins might facilitate recovery post-irradiation. Replication restart requires more than 20 
proteins performing different functions, including removal of DNA damage, replication fork 
reassembly, and completion of replication. Origin-independent replication fork reassembly 
requires seven proteins; PriA, PriB, PriC, DnaB, DnaC, DnaG and DnaT. All of the alleles 
detected thus far have been in the coding sequence for one of more of these proteins.  Isolates 
CB1000 and CB1012 express PriC (L163P), isolates CB1013, CB1014, CB1015 and CB1025 
expresses DnaT (R145C) and the strain CB1024 carried the mutation in DnaB (L75S). Of these 
the allele expressing DnaT (R145C) dominated in lineage IR-1; nearly 50% of IR-1-20 contained 
this allele as determined through sequencing and the TaqMAMA assay (Tables 3.2. and 3.3).  
 The DnaT protein is an essential part for replication restart.  Although, the protein itself 
does not have any known intrinsic activity, it is essential for the sequential loading of different 
components of replication restart machinery (Marians, 1992; McCool et al., 2004).  The PriB 
protein binds to DnaT and ssDNA.  These binding sites overlap (Lopper et al., 2007) and DnaT 
acts as a wedge to dislodge ssDNA from PriB, facilitating PriB’s interaction with DnaB, an 
essential step in replication re-start. 
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To examine the role of this dnaT mutant in IR resistance, the allele was transferred into 
the Founder, creating the strain JBMP4. Surprisingly, the resulting strain was no more 
radioresistant than the Founder (Fig. 3.3).   Survival of JBMP4 was similar to the survival of 











Figure 3.3. The ionizing radiation resistance of JBMP4. JBMP4 is a derivative of the Founder 
(see text) expressing DnaT (R145C).  Closed circles denote the survival of the Founder and open 
circles denote survival of JBMP4. Values are mean ± SD (n=9) 
 
3.4.3. Expression of the Modified RecA (D276A) Increases Ionizing Radiation Resistance 
The RecA protein is involved in double strand break repair through homologous 
recombination (Cox, 2007).  A base substitution mutation which encodes a modified RecA 
(D276A) is found in the four IR resistant isolates CB1013, CB1014, CB1015, and CB1025.  The 
allele that gives rise to RecA (D276A), accumulates in lineage IR-1 (Tables 3.2. and 3.3) with 
approximately 40% of the individuals in IR-1-20 carrying this allele.  Transfer of this allele to 
the Founder significantly increases the IR resistance of the resulting strain (Fig. 3.4). 
  
Dose (Gy)











































Figure 3.4. The ionizing radiation resistance of JBMR3. JBMR3 is a derivative of the Founder 
(see text) expressing RecA (D276A).  Closed circles denote the survival of the Founder and open 
circles denote survival of JBMR3. Values are mean ± SD (n=9). 
 
Strain JBMR3, the construct expressing RecAD276A, exhibits 45-fold greater viability 
when compared to Founder at 2500Gy exposure (student t test, p= 0.0001, DF=16).  The 
increased resistance observed when the recA (D276A) allele to the Founder is not influenced by 
including the e14 deletion alone or in combination with the dnaT R145C allele (Fig. 3.5), 
suggesting that that the recA (D276A) is necessary and sufficient for the increased IR resistance 
observed in isolates CB1013, CB1014, CB1015, and CB1025. As illustrated in Fig. 1.2, CB1013, 
CB1014, CB1015, and CB1025 are between 25 and 30 fold more resistant to IR when compared 
to the Founder.   
3.5. Summary 
 Harris et al. generated a group of seven ionizing radiation resistant isolates of E. coli 
MG1655 using a protocol that is generically referred to as adaptive laboratory evolution.  
MG1655 was iteratively exposed to increasing doses of IR for 20 cycles of irradiation, and the 
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Figure 3.5 Inclusion of ∆ e14 and dnaT (R145C) in the background with recA (D276A) does not 
increase IR resistance. Closed squares denote the survival of JBMR3 recA (D276A), open circles 
correspond to JBMP3 ∆ e14, open diamonds correspond to JBMK1 ∆ e14, recA (D276A), and 
closed circles correspond to JMBK7 dnaT (R145C), ∆ e14, recA (D276A). Values are mean ± 
SD (n=9). 
 
seven isolates obtained from the population created after the 20
th
 cycle.  The genomes of the 
seven isolates were re-sequenced, but demonstrated very few common genetic changes leading 
to the suggestion that more than one mechanism of IR resistance evolved during the protocol. 
In an attempt to more precisely define those genetic modifications that caused IR 
resistance, I employed ultra-deep DNA sequencing.  Four populations archived from the protocol 
that generated the IR resistant isolates were sequenced at 255X, allowing for an accurate 
estimation of the frequencies with which alleles appear in those populations.  This permitted me 
to detect alleles that accumulate as a population evolves under selection helping me to identify 
the genetic changes most responsible for adaptation to that selection.  An allele will accumulate 
in an evolving lineage, if it is carried by a cell with a selective advantage. Comparing the list of 
alleles that accumulate with genome sequences of individual isolates provided a means of 
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JMBK7  ∆e14 recA (D276A) dnaT (R145C) 
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tagging alleles under selection in individual isolates for further study, separating those loci from 
the myriad of polymorphisms that appear due to spontaneous or induced mutagenesis occurring 
in the population.   
The utility of the approach was established when I was able to narrow the potential 
reason for IR resistance in isolates CB1013, CB1014, CB1015, and CB1025 to four 
polymorphisms. Survival studies involving transfer of these polymorphisms to the Founder 
permitted me identify a single change – a base substitution that modifies the RecA protein – that 
results in the increased IR resistance of these isolates.          
 
 




CHAPTER FOUR: CLUES TO THE MECHANISMS OF INCREASED IONIZING 
RADIATION RESISTANCE OF CB1000, CB1012, AND CB1024 
   
4.1. Introduction  
In Chapter 3, I demonstrated that ultra-deep sequencing of populations obtained from an 
evolving lineage could be used to localize the genetic changes responsible for IR resistance and 
guide the analyses that established the genetic basis of the phenotype in individual IR resistant 
isolates. As indicated in Chapter 1, lineage IR-1 exhibits three sub-lineages (Fig. 1.1), suggesting 
two possibilities.  1) There may be three possible mechanisms of IR resistance; each lineage 
representing different route to that phenotype.  2) Each sub-lineage represents a stage on the path 
to IR resistance.  CB1013, CB1014, CB1015, and CB1025 are less resistant to IR than CB1000, 
CB1012, and CB1024 (Fig.1.2).  If we assume that acquiring IR resistance is incremental with 
different components being acquired at different times along the evolutionary trajectory toward 
IR resistance, then it is possible that the recA (D276A) allele represents a step in the evolutionary 
path that can be built upon by changes that appear in CB1000, CB1012, and CB1024 further 
increasing IR resistance.   
 To initiate an investigation of these possibilities, I performed the analysis described in 
Chapter 3, comparing the ultra-deep sequencing of populations IR-1-11, IR-1-13, IR-1-17, and 
IR-1-20 with the re-sequenced genomes of CB1000, CB1012, and CB1024.           
4.2. Predictions about Possible Mechanisms in CB1000 and CB1012 
 As indicated by the dendrogram in Figure 1.1, isolates CB1000 and CB1012 form a sub-
lineage; they share the e14 deletion and 26 single nucleotide polymorphisms: 16 non-
synonymous mutations in coding regions, seven mutations in non-coding regions, and three 




Table 4.1. Base substitution mutations shared between CB1000 and CB1012. Mutations are 
classified as non-coding (nc), synonymous (syn) or non- synonymous (ns) based on whether the 
SNP is found in a coding sequence and results in an amino acid substitution in the in the encoded 
protein.  Position numbers are those assigned to E. coli MG1655.   The genome sequences of 
CB1000 and CB1012 were reported in Harris et al. (2009). 
Gene Position Class 
dnaJ 14857 syn 
ecfK 198849 ns 
clpP 456127 ns 
priC 489549 ns 
NC 568019 nc 
ybdL 633092 ns 
dinI 1120539 ns 
potD 1181794 ns 
ydcM 1502187 syn 
ydcS 1510249 ns 
ddpF 1555689 ns 
clcB 1663526 ns 
NC 1859386 nc 
NC 2535315 nc 
hyfB 2600797 ns 
NC 2808766 nc 
hypF 2833488 ns 
ygbJ 2859530 ns 




Table 4.1. cont. 
Gene Position Class 
lysR 2977775 ns 
ygfU 3029566 ns 
tktA 3077762 ns 
NC 3250857 nc 
fdhE 4078346 syn 
pflC 4144596 ns 
NC 4476359 nc 
 
Among the seven mutations in non-coding regions, two mutations did not occur in 
regulatory regions of the genes, three occurred near promoter sites of the genes and two in 
binding sites of the repressors. The downstream effects of these mutations is not known, 
however, all the downstream genes only encode for proteins involved in metabolism and I 
assume these changes would not play a role in IR resistance. Assuming only non-synonymous 
mutations that accumulate during adaptation as possible candidates, I was able to identify a 
subset of sixteen polymorphisms that are likely to be responsible for IR resistance in CB1000 
and CB1012 (Table 4.2).  Of these polymorphisms, only the priC (L163P) allele can be linked 
potentially to the common polymorphisms observed in isolates CB1013, CB1014, CB1015, and 
CB1025.   Like dnaT, the priC gene encodes for part of the replication restart primosome. It is 
notable that none of the mutations shared between CB1000 and CB1012 appear before IR-1-13, 
and that the priC allele appears later in evolution of IR-1 than the dnaT (R145C) allele that 
characterizes isolates CB1013, CB1014, CB1015, and CB1025.   
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Table 4.2. Mutations found in CB1000 and CB1012 that accumulated as lineage IR-1 was 
exposed to ionizing radiation. Archived populations 1-11, 1-13, 1-17, and 1-20 were sequenced 
(depth 255 X), and single nucleotide polymorphisms (SNPs) detected and quantified for each 
position within the genome. All of the shared mutations were non-synonymous base substitutions 
(ns). SNP frequency was calculated by dividing the number of substitutions identified at a 
specific position by the sum of number sequences detected that include that position for a given 
population. The dashes indicate that polymorphisms were not detected.   Position numbers are 
those assigned to E. coli MG1655. 
Gene Position Class 
SNP frequency X 100 
1-11 1-13 1-17 1-20 
clpP 456127 ns -- -- 4 22 
priC 489549 ns -- -- 3 14 
ybdL 633092 ns -- -- 4 17 
dinI 1120539 ns -- -- 2 14 
potD 1181794 ns -- -- 3 13 
ydcS 1510249 ns -- -- 6 18 
ddpF 1555689 ns -- -- 2 15 
clcB 1663526 ns -- -- 5 13 
hyfB 2600797 ns -- -- 4 14 
hypF 2833488 ns -- -- 4 17 
ygbJ 2859530 ns -- -- 4 17 
lysR 2977775 ns -- -- 4 18 
ygfU 3029566 ns -- -- 3 17 
tktA 3077762 ns -- -- 5 19 































JMBK7  ∆e14 recA (D276A) dnaT (R145C) 
In contrast to dnaT (R145C), the priC (L163P) allele causes a substantial increase in IR 
resistance when transferred to the Founder. Strain JBM5 priC (L163P) increases resistance as 
much as recA (D276A) does in the presence of dnaT (R145C) (Fig. 4.1.). There is a significant 
(student t test, p=0.01, DF=11) 30-fold increase in resistance at 2,500 Gy in JBM5 compared to 
JBMP4 dnaT (R145C).  Recall that JBMP4 is as sensitive as the Founder.   JBM5 is as resistant 
as isolates CB1013, CB1014, CB1015, and CB1025, but it does not carry an altered RecA 

















Figure 4.1. The ionizing radiation resistance of JBM5. Closed circles denote the survival of 
JBM5 priC (L163P). The survival of JBMP4 dnaT (R145C) and JBMK7∆e14, dnaT (R145C), 
recA (D276A) are denoted by open circles and closed squares, respectively.  Values are mean ± 
SD (n=9). 
 
4.3. Predictions about Possible Mechanisms in CB1024 
 
The isolate CB1024 has 55 polymorphisms when compared to the Founder (Harris et al., 
2009).  As with all other isolates, it carries a deletion of the prophage e14.  In addition, CB1024 
has 37 non-synonymous including 3 nonsense mutations and 13 synonymous base substitution 
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mutations and four bases substitutions in non-coding sequences.  When this CB1024’s genotype 
is filtered by matching it to the list of mutations that accumulate in IR-1 with selection, and 
synonymous mutations removed, only eleven of these SNPs are present in IR-1-20 (Table 4.3). 
Unlike the polymorphisms found in the other isolates, those in CB1024 did not accumulate in 
great abundance within the population, most alleles comprised less than 3% of IR-1-20. The only 
exception was the base substitution at position 3265098. However, although this mutation was 
found in 36% of the population in IR-1-11, levels drop to approximately 5% in IR-1-20.  This 
result suggests that the change at 3265098 was not protective and that it was selected against 
during the evolution of IR-1. An allele of recA, recA (A289S), appears in CB1024, and from 
population sequence data it first appears in IR-1-13 – earlier than all of the other alleles in Table 
4.3 except the yfjK (K294E) allele.    
Table 4.3. Mutations found in CB1024 that accumulated as lineage IR-1 was exposed to ionizing 
radiation. Archived populations 1-11, 1-13, 1-17, and 1-20 were sequenced (depth 255 X), and 
single nucleotide polymorphisms (SNPs) detected and quantified for each position within the 
genome. All of the shared mutations were non-synonymous base substitutions. SNP frequency 
was calculated by dividing the number of substitutions identified at a specific position by the 
sum of number sequences detected that include that position for a given population. The dashes 
indicate that polymorphisms were not detected. Position numbers are those assigned to E. coli 
MG1655. 
Gene Position Class 
SNP frequency X 100 
1-11 1-13 1-17 1-20 
dksA 160511 ns -- -- 2 2 
yagR 299845 ns -- -- 2 2 
mukB 978570 ns -- -- 2 1 
ycbB 980297 ns -- -- 1 1 




Table 4.3. cont. 
Gene Position Class 
SNP frequency X 100 
1-11 1-13 1-17 1-20 
yegL 2150962 ns -- -- 2 1 
arnF 2371104 stop -- -- -- 1 
yfjK 2760683 ns -- 2 6 2 
recA 2820924 ns -- 3 3 2 
NC 3265098 nc 36 25 12 5 
kbl 3789997 ns -- -- 2 3 
 
    Strain JBMR2 recA (A289S) confers the same level of IR resistance to the Founder as 
recA (D276A), suggesting that the resulting amino acid substitutions have a similar effect on 
RecA protein activity (Fig 4.2). Assuming this to be true, it seems likely that there are additional 
mutations that further increase the IR resistance of CB1024. It is also noted that although 
CB1024 contains a modification in a component of the replication restart primosome, the dnaB 
(L75S) allele does not accumulate and cannot be detected in IR-1-20.  Since every strain 
sequenced from IR-1, IR-2, IR-3, and IR-4 contains a change in at least one of the proteins that 
participate in replication restart, I must assume that the dnaB (L75S) plays a role in the cell’s 
survival.  The possible reason for the low abundance of this allele in the sequenced populations 
is discussed in the next chapter. 
 
















Figure 4.2. The ionizing radiation resistance of JBMR2. Closed circles denote the survival of 
JBMR3 recA (D276A).  Open circles denote the survival of JBMR2 recA (A289S) and open 
squares depict the survival of E. coli MG1655 (Founder).  Values are mean ± SD (n=9). 
 
4.4. Identifying other Polymorphisms that Potentially Contribute to the IR Resistance of 
CB1000, CB1012, and CB1024 
 To this point in these analyses, I have only examined the accumulation of those genetic 
changes that that are associated with the seven sequenced isolates derived from IR-1-20.  A 
significant number of polymorphisms that do not appear in any of these isolates are detected in 
the evolving lineage IR-1, and perhaps using the complete data set (polymorphisms found in the 
seven isolates and novel polymorphisms that accumulate) can provide insight into those alleles 
most likely to mediate IR resistance in CB1000, CB1012, and CB1024.  As indicated above, 
these isolates are more IR resistant than CB1013, CB1014, CB1015, or CB1025, and the pattern 
of polymorphisms found in CB1000, CB1012, and CB1024 has limited overlap with the less 
radioresistant isolates. 
Ultra-deep sequencing identified 410 polymorphisms not detected in sequences of 
CB1000, CB1012, CB1013, CB1014, CB1015, CB1024, and CB1025.   All of the novel changes 
are SNPs. There are 49 base substitutions in non-coding sequence and 361 point mutations in 
Dose (Gy)


























coding sequences, including 94 synonymous base substitutions, 36 frameshift mutations resulting 
from a single base insertion or deletion, and 231 non-synonymous base substitutions that include 
16 nonsense mutations. Supplemental Table lists all of these polymorphisms separating them by 
mutant class. Clearly, these polymorphisms accumulate in the evolving population, indicating 
that they are found in individuals that are adapting to IR exposure. Whether they represent 
changes that lead to novel mechanisms of IR resistance cannot be determined from the data 
available. Among 49 mutations in non-coding region, 32 mutations did not occur in the 
regulatory regions of the genes. Twelve of those mutations occur in promoter region, one 
mutation at position 1568546 occur in region where regulator binds for transcription of gene 
encoding glutamate transporter. However, none of the genes involved here have been studied to 
be part of DNA repair system. A mutation at position 1944082 is in region of LexA binding 
involved in repression of expression of ruvB gene. The role of this particular mutation is unclear 
and requires further study.   
As demonstrated in Chapter 3, a thorough assessment of an individual allele’s role in IR 
resistance requires knowledge of the genetic context in which the allele is found, and that 
knowledge can only be obtained by characterizing the genotype of an IR resistant isolate.  
However, it may be possible to glean information from the complete list of polymorphisms that 
informs as to the potential involvement of alleles in the IR resistance of isolates CB1000, 
CB1012, and CB1024.  Just as the recA (A289S) and recA (D276A) alleles similarly affect IR 
resistance; the appearance of multiple alleles at a given locus or a cluster of related loci suggests 
that the encoded proteins are critical to cell survival.  A related argument was used in Harris et 
al. to infer a role for the replication restart proteins in IR resistance.  In that circumstance, alleles 
of functionally related genes were identified by comparing the genome sequence of a number of 
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IR resistant isolates. By examining all of the alleles detected by ultra-deep DNA sequencing, it is 
possible to ascertain how many different alleles appear at a given locus, and correlate that 
number with a possible role for the gene product.  Identifying a cluster of polymorphisms within 
a single gene or genes of related function makes a compelling argument for their involvement in 
IR resistance, especially if those loci are found within an IR resistant isolate. Ionizing radiation-
induced DNA damage is random. Assuming that each locus has an equal probability (P) of 
suffering a mutation during administration of IR, the probability of a single locus suffering 
multiple independent mutations (n) is the P
n
. For example, if the probability of randomly 
creating a mutation at a given locus is 10
-3
, the probability of independently generating three 
mutations at that locus is 10
-9
. The appearance of multiple independent alleles within the same 
locus is an extremely rare event unless such alleles are being selected.   
This approach for identifying loci that putatively contribute to IR resistance was 
straightforward.  Using the information in Tables 4.2 and 4.3, I determined how many distinct 
alleles appeared within each gene present in the ultra-deep sequence data set. This was 
accomplished by organizing the non-synonymous alleles in Supplemental Table by gene name, 
and counting the number of times a gene name appeared in that list. Any locus that appeared 
more than once was compared to the list of alleles in Tables 4.2 and 4.3.  None of the genes that 
were modified in CB1024 (Table 4.3) were found more than once in this data set. However, 
when genes common to CB1000 and CB1012 (Table 4.2) were evaluated, four loci stand out: 
clpP, dinI, ddpF, and ydcS.   
The ClpP protein is a serine protease with a chymotrypsin-like activity that forms three 
distinct protease complexes (ClpAP, ClpAPX and ClpXP) by associating with the ClpA and/or 
ClpX proteins (Hwang et al., 1987; Wang et al., 1997). These complexes play a significant role 
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in degrading damaged and improperly folded proteins (Gottesman, 1996). A total of eight 
different missense mutations were detected in clpP following sequencing. In addition, two alleles 
of clpX were also found.   
DinI is a positive regulator of RecA function (Lusetti et al., 2004a; Lusetti et al., 2004b).  
Given that the modified forms of RecA detected in IR-1 confer IR resistance on E. coli (Fig. 
4.1), it is not difficult to envision a scenario where a change in a regulatory molecule increases 
RecA availability, enhancing IR resistance.  The dinI gene only appears once in the data set, but 
was included here because eight different alleles associated with recombination and DNA double 
strand break repair are present.  These alleles include the two variations of recA discussed 
previously, three alleles of ruvB, and single alleles of recB, recC, and recN.      
The ddpF gene encodes a component of the DppABCDF dipeptide transport system 
(Lessard et al., 1998). Null mutants in this gene are unable to utilize many didpeptides as a 
substrate for growth.  Alleles in two other genes encoding subunits of this transporter (ddpA and 
ddpB) are found in the data set. 
The ydcS gene encodes a subunit of a putative ATP-dependent spermidine/ putrescine 
transporter (Zimmer et al., 2000).  This uncharacterized transporter has four subunits: YdcS, 
YdcT, YdcU and YdcV.   YdcS is a putative periplasmic binding component. Two ydcS alleles 
and a single ycdU allele appear in the data set.     
4.5. Summary 
The mechanisms responsible for the increased IR resistance of CB1000, CB1012, and 
CB1024 are not easily defined through analysis of genome sequence data.  Identifying recA 
(A289S), priC (L163P), and dnaB (L75S) involved assuming that these alleles would substitute 
for their counterparts that mediate the IR resistance of CB1013, CB1014, CB1015, and CB1025.  
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Filtering the polymorphisms associated with CB1000, CB1012, and CB1024 with those detected 
by ultra-deep sequencing produced a short list of candidate changes that could account for the 
elevated radioresistance of these isolates, but these results were unsatisfying.  None of the alleles 
found in these isolates predominate in the populations examined.  I cannot unequivocally argue 
that the accumulation of these alleles in the evolving population specifies a role in IR resistance.  
Neutral, even detrimental, alleles can be selected in these studies provided they are carried within 
an individual that is selected. In our experiment conditions, E. coli MG1655 reproduces 
asexually; there is no genetic exchange.  Once a mutation is formed in an individual it is linked 
to all other mutations in that individual.  If that individual carries a mutation that is strongly 
selected all linked mutations will be strongly selected as well (Chao and Cox, 1983; Lenski et 
al., 1998).   
Attempting to identify modifications that contribute to IR resistance by determining the 
number of different alleles that arise in a given gene offers some promise going forward.  One 
can make a statistical argument that the appearance of multiple alleles at a single locus or within 
related loci increases the likelihood of that gene/gene product participating in IR resistance.  
Several loci were identified as targets for putative targets for investigation in the CB1000 and 
CB1012 genomes.  However, until genetic characterization is performed the role, if any, for 




CHAPTER FIVE: USING OF TaqMAMA ASSAY TO FOLLOW AN EVOLVING 
POPULATION 
 
 TaqMAMA is an allelic discrimination assay that combines quantitative real time PCR 
assay with a mismatch amplification mutation assay (Li et al., 2004). The technique was 
introduced in Chapter 2, where I demonstrated that TaqMAMA could be used to calculate allelic 
frequencies, closely reproducing those obtained from ultra-deep sequencing of DNA isolated 
from populations archived from the evolving lineage IR-1. The results in Chapter 2 indicate that 
the TaqMAMA assay can be used in place of sequencing, providing a faster and less expensive 
protocol for evaluating changes in individual alleles in the lineage. Whereas ultra-deep 
sequencing allows the investigator to identify every allelic change that accumulates within a 
given population, the TaqMAMA assay examines only one allele, filtering out all of the others.  
As described below, the technique provides a higher resolution look at the evolutionary 
trajectory of specific alleles, defining when alleles appear and how they fluctuate during 
adaptation.       
5.1. Tracking recA (D276A) and recA (A289S) as Lineage IR-1 Adapts to High Level 
Exposure to Ionizing Radiation 
 
Homologous recombination is an important process in DNA double-strand-break (DSB) 
repair and is facilitated by a number of proteins, including RecA (Cox, 2007; Harris et al., 2009).  
The RecA protein binds to the single strand DNA and helps in strand invasion, resulting in 
formation of Holliday junctions.  IR-1 includes two mutations in recA – recA (D276A) and recA 
(A289S) – and these alleles play a critical role in the increased IR resistance observed in five of 
the seven isolates characterized in Chapters 3 and 4.  The recA (D276A) accounted for all of the 
increased IR resistance observed in CB1013, CB1014, CB1015 and CB1025, whereas recA 
(A289S) significantly contributes to the resistance CB1024 (See Fig 4.1). Figure 5.1 diagrams 
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the allelic frequency of these alleles in IR-1 as a function of time; the progression of populations 
represents a chronology of the events that occur during IR-1’s adaptation to selection.  This 
analysis produces a very different image of the behavior of these alleles than that created by 
summarizing the sequence data in Supplemental Table. By filling in the gaps between the 
sequenced populations, it is apparent these allelic frequencies fluctuate as IR-1 evolves. The 
peaks among the frequencies of recA (D276A) correspond to the low points in the frequencies of 
recA (A289S), and vice versa.  The abundance of the individuals carrying one allele appears to 
influence the abundance of individuals carrying the other allele.    












Figure 5.1. Fluctuations in the frequency of the recA (D276A) and recA (A289S) alleles in 
lineage IR-1.  Frequencies for each population were determined by the TaqMAMA assay.  Lines 
are included in the figure to assist in following the pattern and are not intended to imply a linear 
trajectory between each point.       
  
5.2. Tracking Changes in Genes Associated with the Replication Restart Primosome as 
Lineage IR-1 Adapts to High Level Exposure by Ionizing Radiation 
 
 As mentioned in Chapter 4, the dnaB (L75S) allele does not accumulate in the 
populations sequenced, forcing me to question the significance of this allele to IR resistance.  
Populations





























However, the results in Figure 5.1 suggest that related alleles affect the relative abundance of 
each other and may provide an explanation for the low abundance of dnaB (L75S) in IR-1.   Is 
the appearance of dnaB (L75S) affected by the presence of other related alleles in the 
population?  I tested whether an effect similar to that observed in Figure 5.1 could be detected 
among the alleles that encode components of the replication restart primosome.   
Bacterial replication starts with the formation of two replication forks at oriC site of 
chromosome (Marians, 2000).  These replication forks stall when they encounter DNA damage, 
strand breaks, or a D loop created during recombination.  Replication must be restarted from 
these stalled forks and replication restart is an important housekeeping function facilitating the 
survival of organism.  Replication restart is carried out by seven proteins, PriA, PriB, PriC, 
DnaB, DnaC, DnaG and DnaT, and can be classified as PriA-dependent and PriA-independent. 
The PriA-dependent pathway is the major path used in E. coli.  The protein PriA binds with high 
affinity to the D loops formed by recombination process at strand breaks and directs replication 
fork assembly (Marians, 2004). The PriA protein is ATP dependent 3’ to 5’ helicases, which 
catalyzes formation of multiprotein complex with PriB and DnaT that is required for re-loading 
the replisome at that collapsed replication fork.  This complex transfers the replicative helicase 
DnaB and primase DnaG to the replication fork.  In PriA-independent pathway, the protein PriC 
protein recognizes the stalled replication fork, which also recruits the components of the 
replisome to the replication fork.  In PriA-independent replication restart DNA replication is 
initiated by Rep proteins (Cox et al., 2000; Heller and Marians, 2007; Lopper et al., 2007).  
 Seven alleles associated with the replication restart complex were detected in lineage IR-
1.  They include dnaB (L75S), dnaB (K399N), dnaC (M25T), dnaG (H410Y), dnaT (R145C), 
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this population, a fact reflected in its appearance in four of the seven isolates sequenced from IR-
1-20.  Among the remaining alleles, priC (L163P) was the most abundant in IR-1-20, comprising 
14% of the population. Figure 5.2 tracks the changes in allelic abundance in the three alleles 
found in IR resistant isolates: dnaB (L75S) found in CB1024, dnaT (R145C) found in CB1013, 
CB1014, CB1015 and CB1025, and priC (L163P) found in CB1000 and CB1012. The dnaT 
allele is first detected in the population IR-1-13. This allele sweeps through the population 
quickly; in population IR-1-16 dnaT (R145C) is found in 67% of the population. Instead of being 
maintained at this level, the frequency begins to drop and by IR-1-19 the frequency is 36%.  This 
drop corresponds with an increase in the abundance of dnaB (L75S) and priC (L163P) in the 
population.  In population IR-1-20, the level of dnaT (R145C) increases to 47% and there is a 
concomitant decrease in the level of dnaB (L75S). The same interplay between alleles (or more 
properly individuals carrying these alleles) observed when following the recA alleles (Fig. 5.1) is 











Figure 5.2. Fluctuations in the frequency of the dnaB (L75S), dnaT (R145C), and priC (L163P) 
alleles in lineage IR-1.  Frequencies for each population were determined by the TaqMAMA 
assay.  Lines are included in the figure to assist in following the pattern and are not intended to 
imply a linear trajectory between each point. 
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5.3. Evolutionary Dynamics 
To explain the behaviors depicted in Figures 5.1 and 5.2, it is necessary to define the 
adaptation of E. coli to IR in the context of evolutionary theory.  Ionizing radiation is a strong 
selective agent that is also a powerful mutagen.  The mutations induced by IR result in 
modifications to an individual’s physiology that may be beneficial or detrimental, and there is a 
probability associated with the appearance of either type of modification.   The effect of a 
beneficial mutation can be negated by the generation of a detrimental mutation at any point in the 
evolutionary process.   Thus, detrimental mutations influence adaptation in two significant ways: 
1) they slow down the process; it takes longer for beneficial mutations to be fixed in the 
population, and 2) they permit competing beneficial mutations to arise in the adapting 
population.  Assuming that multiple mutations of similar effect can arise in the population, 
suppressing the rate at which a single mutation sweeps through a population increases the 
probability that a beneficial mutation with a large effect will be selected and ultimately 
predominate in the population.  The appearance of two recA alleles with similar biological effect 
(Fig. 4.1) is evidence of this phenomenon occurring in IR-1. 
 Since E. coli cultures are an asexually reproducing population, the individuals that make 
up IR-1 do not transfer DNA.  Individuals give rise to clonal progeny, and if more than one 
beneficial allele exists in a population, their progeny will compete against one another as the 
population evolves, often leading to the loss of one of the beneficial mutations.  This process is 
referred to as clonal interference (Gerrish and Lenski, 1998), and it plays a major role in shaping 
the composition of adapting asexual populations.  It is my belief that the reciprocal changes in 
allele abundance evident in Figures 5.1 and 5.2 are tangible evidence of clonal interference in 
IR-1 as that lineage evolves. 
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 During evolution, beneficial mutations of greater fitness (large effect mutations) are fixed 
more rapidly and the beneficial mutations with small effect tend to be lost either due to the 
random effects of genetic drift or clonal interference as discussed above (Rozen et al., 2002).  In 
a large population of bacteria subjected to random mutagenesis, most of mutations generated are 
not beneficial. Thus, mutations that are fixed early in evolution tend to be the mutations with the 
highest fitness.  Given this argument, one could suggest that dnaT (R145C) is the allele with 
highest fitness (Fig. 5.2) among the changes in replication restart proteins, but the effect of this 
mutation, alone or with recA (D276A), is negligible with respect to IR resistance (Fig. 3.3 and 
4.1).  As discussed in Chapter 3, the recA (D276A) allele accounts for most of the IR resistance 
observed in CB1013, CB1014, CB1015, and CB1025.  In other words, the dnaT (R145C) allele 
behaves like a neutral mutation that is possibly hitchhiking with recA (D276A).    If this is true, it 
argues that dnaT (R145C) was present in the background of the individual that first acquired 
recA (D276A).  As recA (D276A) began to rapidly accumulate or “leapfrog” (Gerrish and 
Lenski, 1998) within IR-1, dnaT (R145C) was carried along (Fig. 5.4).   
5.3.1. Evidence for Hitchhiking in IR-1 
Since E. coli is asexual, all mutations that appear in an individual bacterium are linked to 
one another; the genome does not undergo recombination so a set of alleles are not rearranged as 
progeny are generated.  When a beneficial mutation arises, it is linked to all other mutations in 
that individual. Selection for the beneficial mutation indirectly selects for all of the linked 
mutations as well.  This indirect selection is alternatively referred to as  hitchhiking (Chao and 
Cox, 1983) or a second order selection (Jayaraman, 2011). The spread of mutator mutations 
(mutations that increase the mutability of the strain to survive a hostile environment) are a well-
studied example of indirect selection (Mao et al., 1997; Lenski et al., 1998; Tenaillon et al., 
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2001). Mao et al., (1997) demonstrated that an entire population of E. coli was enriched with 
mutators after two rounds of selection for antibiotic resistance.  Mutator mutations are potentially 
detrimental, but antibiotics are so strongly selective that if a mutator is present in a background 
that is antibiotic resistant, the mutator phenotype will be maintained, and will accumulate in the 
population 
As illustrated in Figure 5.3, indirect selection is occurring in population IR-1. The graph 
compares the appearance and changes in the frequencies in three alleles that accumulate in IR-1: 
recA (D276A), hofB (T223T), and nlpI (P163P). As indicated by the absence of an amino acid 
substitution, the mutations in hofB and nlpI are synonymous, but like recA (D276A) these alleles 
accumulate rapidly in the IR-1 with a trajectory that almost mirrors that of the recA (D276A) 
allele. There is no evidence that the hofB of nlpI mutations affect the cell. Their protein 
composition has not changed, and the base substitution is not expected to alter protein 
expression. The codon usage ratio is not altered by either base substitution (Zhang et al., 1991; 
Chen and Texada, 2006), and there is no expectation of altered rates of protein synthesis. Since 
these synonymous mutations should not confer a selective advantage, the accumulation of these 
polymorphisms is most likely the result of their hitchhiking within a subset of individuals 
carrying recA (D276A) in the background. The hofB and nlpI mutations were only detected in 
isolates CB1014 and CB1015, suggesting that the mutations arose after individuals with recA 
(D276A) began to propagate in the evolving population. This argument is supported by the 
consistently lower abundance of the hofB and nlpI alleles relative to the recA (D276A) allele and 

















Figure 5.3. Evidence for indirect selection (hitchhiking) during the adaptation of lineage IR-1 to 
high dose ionizing radiation. The recA (D276A) allele is contributes to IR resistance, the hofB 
and nlpI alleles are synonymous mutations.  Frequencies for each population were determined by 
the TaqMAMA assay.  Lines are included in the figure to assist in following the pattern and are 
not intended to imply a linear trajectory between each point. 
        
Figure 5.4. superimposes the evolutionary trajectories of recA (D276A) and dnaT 
(R145C) as IR-1 evolved.  It argues that unlike the situation with the hofB and nlpI alleles, the 
recA mutation arose in an existing dnaT (R145C) background, a fact supported by the order with 
which these alleles were first detected by DNA sequencing in IR-1 (Supplemental Table).   As 
the fate of individuals carrying recA (D276A) changes, those changes are precisely reflected in 
the frequencies of the dnaT (R145C) allele in the population.    
5.4. Summary 
The TaqMAMA assay was introduced in Chapter 2 as a method of confirming the results 
obtained from ultra-deep population sequencing. In this chapter, I briefly explored this 
technique’s potential as a means of following evolutionary dynamics. The TaqMAMA assay 
allowed me to follow the fate of individual alleles during adaptation and to monitor clonal 
interference and indirect selection directly in an evolving population.  Combined with ultra-deep  
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Figure 5.4. Evidence that the dnaT (R145C) allele and recA (D276A) alleles are linked.   
Frequencies for each population were determined by the TaqMAMA assay.  Lines are included 
in the figure to assist in following the pattern and are not intended to imply a linear trajectory 
between each point.        
 
sequencing, TaqMAMA provides an unprecedented ability to study evolution at the level of 
genetic change in clonal populations.  
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CHAPTER SIX: DISCUSSION AND CONCLUDING REMARKS 
 
6.1. The Use of Ultra-deep DNA Sequencing as a Method for Detecting those Alleles Most 
Responsible for an Adaptive Phenotype 
 
Harris et al. (2009) generated an IR resistant phenotype in individual isolates of E. coli 
MG1655 (Founder) by selecting for the characteristic. Cultures derived from single colony 
isolates of the Founder were subjected to 20 cycles of exposure to gamma irradiation and 
outgrowth.  The dose of IR was adjusted so that it killed 99% of the population. The survivors 
were then grown to stationary phase and a portion of this outgrown population was used to 
initiate the next cycle of irradiation; the remainder was stored at -80
o
C.  After the 20
th
 cycle, it 
required 10,000 Gy to reduce the resulting population (designated IR-1-20) to 1% survival.  
Seven single colony isolates were obtained from IR-1-20, and their ability to stably resist IR was 
confirmed.   The individual isolates exhibit a 25 to 500 fold increase in IR resistance at 2,500 Gy 
when compared to the founder (Figure 1.2). The genomes of the seven isolates were re-
sequenced and analysis of these sequences revealed a number of polymorphisms that presumably 
include the changes that resulted in the IR resistant phenotype.   
Approximately 97.5% of the polymorphisms were base substitutions. A small number of 
insertions and deletions were also observed. The total number of polymorphisms found in a 
single isolate ranged from 40 to 71. Of these polymorphisms, 50-60% were non-synonymous 
mutations; mutations that affect the coding sequence a protein, possibly altering protein function.  
However, each of the seven re-sequenced genomes presented a distinct pattern of 
polymorphisms.  The loci modified in a given IR resistant isolate exhibited very little overlap 
with polymorphisms detected in the other isolates even when one considered overlap among 
genes that encode proteins with related functions.  Only two polymorphisms seemed to link the 
seven isolates. All isolates carry a deletion of the prophage e14, which is known to excise in 
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response to DNA damage as part of the SOS response, and all isolates exhibit an allele that 
resulted in modification of at least one of the proteins that make up the replication restart 
primosome.    
Point mutations were seen in many other loci, including genes that encode for functions 
needed in DNA repair ( recA, ruvB ), cell division (ftsW, ftsZ), and proteolysis (clpX, clpP); 
functions that based in our understanding of IR resistant in other species could be involved in 
mediating the IR resistance of these strains. Unfortunately, none of these mutations could be 
unequivocally associated with all of the isolates. Since IR-induced DNA damage is distributed 
randomly throughout the genome and mutations would be introduced each time the population 
was exposed to IR, there is a formal possibility that many of the polymorphisms observed in the 
individual genome sequence arose near the end of the treatment protocol (for example, within the 
last cycle of irradiation). Thus, a simple comparison of re-sequenced genomes proved inadequate 
as a method for identifying the alleles critical to IR resistance in these isolates.  In addition, it is 
possible that more than one mechanism can mediate IR resistance and that a consensus genotype 
does not exist, different isolates could represent fundamentally different strategies of 
radiotolerance.       
In the studies presented here, I took a different approach to sorting out whether a given 
allele is required for IR resistance. Knowing the genotype of the seven isolates (CB1000, 
CB1012, CB1013, CB1014, CB1015, CB1024, and CB1025) and knowing that they were 
isolated from the same stage in the evolution of lineage IR-1, I decided to use ultra-deep DNA 
sequencing of the evolving lineage as a method for assessing the significance of a particular 
allele. Assuming that mutations found in individuals selected during adaption will predominate 
in the evolving lineage, I sequenced four archived populations. These populations represented 
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four temporally distinct stages in the evolution of IR-1 with population IR-1-11 the earliest and 
IR-1-20 is latest stage in the evolution of IR resistance.  IR-1-20 was the stage from which the 
seven isolates were obtained. If an allele accumulated during adaptation, I took that event as an 
indication that the individual carrying that allele was being selected. An allele’s predominance in 
a population was used as a measure of that allele’s potential significance to the IR resistant 
phenotype. By itself, the ultra-deep sequence data (Supplemental Table) was not much more 
informative than the comparison of the individual re-sequenced isolates, but this data set did 
filter out much of the potential noise that could accumulate during adaptation. A mutation must 
be present in at least 0.5% of the population to be reliably called a polymorphism. The ultra-deep 
sequence data represents all of the individual genotypes that under selection achieve this 
threshold during the evolution of IR-1. I hypothesized that among this list of alleles are those that 
built the IR resistant phenotype.   
To separate the relevant alleles from those that hitchhiked their way onto the list, it was 
necessary to compare the alleles that accumulate with the genotypes of individual isolates known 
to be IR resistant. I knew that these isolates carried a subset of alleles that conferred IR 
resistance, and I assumed that these alleles would accumulate allowing me to winnow the 
possibilities to a more manageable number.  (Recall that the IR resistant isolates contain between 
40 and 71 distinct polymorphisms.)   
The potential utility of this approach becomes obvious if one asks what types of 
mutations accumulate as the population adapts. Collectively, 299 distinct polymorphisms were 
identified in the seven IR resistant isolates. These polymorphisms included a number of different 
types of mutations. Of the 299 polymorphisms, only 82 accumulated as IR-1 evolved. These 
included the deletion of e14, 46 missense mutations, 22 synonymous mutations, one non-sense 
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mutation and 12 base substitution in a non-coding region of the genome.  None of the remaining 
mutations in the non-coding regions, the nonsense mutations, or the frameshift mutations 
detected in the seven isolates appears in IR-1. Clearly, missense mutations are selected 
preferentially, suggesting a bias toward alleles that potentially alter protein function.  If we 
assume that all of the synonymous mutations are neutral and are hitchhiking with a beneficial 
missense mutation, the number of alleles that are candidates for involvement in IR resistance 
drops to 46. This number is still far too high to formulate a rationale approach to evaluating the 
role of individual alleles in IR resistance by experimentally transferring combinations of alleles 
to the Founder. However, the genotypic differences between the seven isolates now can be used 
to advantage, permitting to whittle down the subset of alleles affecting IR resistance in cluster of 
related isolates.  The most closely related isolates presumably carry the same subset of alleles 
that mediate IR resistance.  I believed that comparing their genomes would provide an even more 
refined view of the alleles most responsible for the phenotype.   
For four of the isolates (CB1013, CB1014, CB1015, and CB1025) this approach to 
analysis worked very well. These four isolates are related (Fig. 1.1), forming a distinct clade or 
sub-lineage within IR-1. Comparing the re-sequenced genomes of these isolates to the ultra-deep 
DNA sequence data set, excludes all but three alleles [∆e14, recA (D276A), dnaT (R145C)] from 
a possible role in IR resistance in these isolates. Construction of strains that placed these alleles 
into the Founder revealed that ∆e14, and dnaT (R145C) had no effect on radioresistance, and that 
most of the radioresistance observed in these four isolates could be attributed to the mutation 
affecting RecA.    
The approach was less than successful when applied to CB1000, CB1012, and CB1024.  
CB1000 and CB1012 form a sub-lineage within IR-1, sharing 27 polymorphisms including the 
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e14 deletion. This subset of shared alleles included 15 polymorphisms in common with the ultra-
deep DNA sequence dataset.  Among these alleles was priC (L163P), which was not unexpected 
given that every isolate from every lineage examined by Harris et al. included an allele in one of 
the genes that encodes a component of the replication restart primosome. We assessed the 
influence of this priC allele on radioresistance and found that it increased viability approximately 
30-fold relative to the Founder at 2,500 Gy.  This result was surprising because it contrasted with 
the lack of effect observed when the dnaT (R145C) was placed in the Founder.  The presence of 
the dnaT (R145C) allele does not enhance IR resistance when transferred alone or in 
combination with recA (D276A) to the Founder.  The dnaT (R145C) allele behaves like a neutral 
mutation, linked to recA (D276A). As such, dnaT (R145C) accumulates rapidly in the 
population. The priC (L163P) allele does not accumulate, rising to approximately 14% of 
population IR-1-17, but then dropping off.  Clonal interference is presumably responsible for the 
suppression of individuals carrying priC (L163P). Since the recA (D276A) dnaT (R145C) 
combination arises early in adaptation, accumulating in greater than 60% of the individuals in 
IR-1-16, I assume that it is competition with these individuals that interferes with priC (L163P) 
becoming more predominant in IR-1.   
Among the 14 other polymorphisms, common to CB1000 and CB1012 that accumulated 
with selection, four are of particular interest. Potential change of function mutations in clpP, 
dinI, ddpF, and ydcS stand out. DinI is a negative regulator of RecA function (Lusetti et 
al.2004a), and given the obvious involvement of RecA in five of the six isolates, it seems an 
obvious target for future analysis. The clpP, ddpF, and ydcS genes are singled out because the 
ultra-deep DNA sequence dataset detected clusters of mutations within these genes or within in 
closely related genes.  ClpP, DppF, and YdcS are components of protein complexes. The 
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probability of randomly generating multiple mutations within related loci and then non-
specifically selecting all of these loci is extremely low.  In future studies, it would be instructive 
to determine if the number of times that related loci are modified correlates with the IR resistant 
phenotype. 
The assessment of CB1024 was even more problematic than that of CB1000 and 
CB1012.  There is no sister isolate to compare against, and none of the alleles that accumulate in 
CB1024 amount to more than 3% of the evolving population.  In addition, none of the genes that 
accumulate in IR-1 and are associated with CB1024 show evidence that mutations cluster within 
them or in related loci. As with CB1013, CB1014, CB1015, and CB1025, CB1024 carries a recA 
allele, recA (A289S), which confers an approximately 30-fold increase in resistance to 2,500 Gy 
relative to the Founder. CB1024 also carries dnaB (L75S), an allele that although it appears in 
IR-1-17, can no longer be detected by sequencing in IR-1-20.  At this point, I suspect that 
CB1024 confers IR resistance through the modified RecA and DnaB proteins, reiterating parts of 
what we observed in the other two sub-lineages.  This conclusion assumes that these mutations 
contribute synergistically to IR resistance and that dnaB (L75S) behaves more like priC (L163P) 
than dnaT (R145C), increasing IR resistance when present in the background.   
My studies using ultra-deep DNA sequencing of evolving populations to identify those 
alleles most responsible for the IR resistant phenotype were a qualified success. In the 
circumstance where the critical alleles predominate in the population and there are high quality 
genotypes to compare with the deep sequence, the protocol outlined performed as predicted.  I 
was able to eliminate most of the alleles that arose during treatment with IR, focusing attention 
on a small number of possibilities that I could then directly test for their contribution to the 
phenotype.  In this way, I concluded that isolates CB1013, CB1014, CB1015 and CB1025 owe 
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their resistance to a change in the RecA protein, confirming a prediction made by Harris et al. 
after they compared the genotypes of these isolates in their study. 
The possible reason for the increased radioresistance by two modified RecA proteins: 
RecA (D276A) and RecA (A289S) could be due to difference in their biochemical activities 
(Harris et al., 2009). Both these positions are located on the surface of the C-terminal domain of 
protein that binds to major groove of DNA as determined by crystallographic and nuclear 
resonance studies (Story and Steitz, 1992; Karlin and Brocchieri, 1996) and thus modifications in 
these positions could lead to difference in their affinity to DNA and thus their biochemical 
function.                         
The RecA protein of radioresistant bacteria, Deinococcus radiodurans differ 
biochemically from RecA of radiosensitive E. coli in promoting strand exchange through inverse 
pathways. During homologous recombination, the Dr RecA forms a complex with dsDNA first 
before taking up the ssDNA for the event compared to Ec RecA which forms a complex with 
ssDNA first (Kim and Cox, 2002). Also, the Dr RecA hydrolyzes dATP faster than the Ec RecA 
and thus uses less ATP to complete the recombination event. The alignment study using the 63 
RecA sequences showed a similarity of 43 to 100% at the amino acid level. The positions 276 
and 289 are 85% conserved in the RecA sequences of 63 bacterial species (Karlin and 
Brocchieri, 1996). The variation in D. radiodurans RecA at the conserved positions 276 and 289 
are glycine and serine respectively. The change at position 276 from the conserved aspartic acid 
to glycine in Dr RecA or alanine/ asparagine in forced evolved E. coli changes the negative 
charge of amino acid, aspartic acid in both cases which could contribute to altered DNA binding 
and biochemical activity in similar manner in both cases. Similarly, the nonpolar amino acid  
alanine at 289 position is converted to polar amino acid serine in both cases of D. radiodurans 
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and forced evolved E. coli and thus may lead to different preferential DNA binding than wild Ec 
RecA protein. 
The strategy of comparing and existing genotype with deep population sequence was not 
as robust when the genotypes did not predominate in the population. I did not anticipate the 
strong effect that clonal interference would have on different isolates. The sequence data and 
TaqMAMA analysis clearly show that the recA (D276A) allele establishes an early dominance in 
IR-1, accumulating until greater than 60% of the individuals in the population carry this allele.  
Since recA (D276A) confers elevated resistance, it sweeps through the population rapidly.   
Individuals expressing alternative mechanisms for increasing IR resistance that are associated 
with other alleles must compete with individuals carrying recA (D276A). This competition is 
most likely resulting in the reduction and eventual loss of strains expressing the alternative 
mechanisms. Thus, situations like that observed with CB1024 can arise where and presumably 
adaptive allele like dnaB (L75S) disappears from population IR-1-20.  As an individual CB1024 
is very resistance, but because of clonal interference it does not accumulate as predicted.  Using 
ultra-deep DNA sequencing is useful in predicting the most prevalent genotype in an adapting 
asexual population, but its application to less prevalent genotypes demands a more equivocal 
interpretation.   
6.2. The Mechanisms of IR Resistance in the Isolates of IR-1-20 
 Despite the failure to unequivocally identify all of the alleles associated with the IR 
resistant phenotype, it is possible to make some predictions concerning the mechanisms that 
mediate the process in the seven isolates examined in this study.  Harris et al. concluded that 
multiple distinct mechanisms were involved, because they could not clearly identify overlapping 
subsets of alleles that accounted for IR resistance.  In that study they examined the role of recA 
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(D276A) and found an effect similar to that reported here. However, they did not realize that four 
of the seven isolates examined were at least 25-fold more sensitive to IR than the other three.  
This fact suggests the possibility that the acquisition of IR resistance is the consequence of the 
sequential addition of alleles as the population adapts, and that the isolates reflect different stages 
in that adaptation. In this scenario, the evolving population would include a mixture of 
individuals, some of which carry all of the alleles needed to generate the most IR resistant 
phenotype, and others which have acquired fewer of these alleles. I argue that CB1013, CB1014, 
CB1015, and CB1025 are isolates that carry the minimal set of alleles needed for increased IR 
tolerance.  The evidence presented suggests that dnaT (R145C) arose first and that recA (D276A) 
appeared in that background shortly afterward.  Individuals carrying this combination of alleles 
rapidly expanded in the population and suppressed through clonal interference the rise of other 
better adapted strains. These better adapted strains carried additional mutations that enhanced 
their IR resistance, but because they arose after the dnaT (R145C) recA (D276A) combination 
they could not gain a place of prominence in IR-1.   
 If we assume that the effect of the dinI mutation found in CB1000 and CB1012 produces 
an effect that is equivalent to the change of function mutations that generated the RecA (D276A) 
and RecA (A289S) proteins, all seven isolates include changes that affect homologous 
recombination and the replication restart primosome. I suggest that changing these two processes 
may account for all of the IR resistance observed in even the most IR resistant isolates.   
 To develop this argument, I reiterate the following observations.  1) When a MG1655 
construct expresses RecA (D276A) or RecA (A289S), the strain is approximately 30-fold more 
IR resistant than the Founder.  This increase in IR resistance accounts for all of the IR resistance 
observed in four of the isolates.  2) When an MG1655 construct expresses PriC (163P), the strain 
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is approximately 30-fold more IR resistant than the Founder.  3) The dnaT (R145C) allele is 
neutral; this change does not influence IR resistance.  4) Every IR resistant isolate of E. coli 
MG1655 (Founder) carries an allele of a gene encoding one of the proteins involved in 
replication restart. 
 I believe that the combination of one of these recA alleles (I include the dinI allele in this 
group.), and most of the alleles associated with the replication restart primosome is responsible 
for the highest level resistance observed in these isolates. This postulate is based on the 
independent effects of the recA and priC alleles on IR resistance, and an assumption that the 
mutations in the primosome can affect more than just the cell’s ability to deal with IR. The 
protocol used to generate these isolates included a second unintended selection.  All individuals 
that survived irradiation had to replicate at the same rate. If they did not, they would quickly 
disappear from the adapting population. If you assume that changing the replication restart 
primosome proteins could influence the rate of cell division and potentially impact 
radiotolerance, then it may be possible to find mutations that affect one process without 
influencing the other. If correct, this arrangement would explain why CB1013, CB1014, 
CB1015, and CB1025 have lower resistance than CB1024, and why the dnaT (R145C) allele 
accumulated so rapidly in the evolving population.  Such speculation is testable, and in the future 
placing a combination of the recA (D276A) and priC (L163P) alleles or the recA (A289S) and 
dnaB (L75S) in the Founder and demonstrating IR resistance akin to that observed for CB1000, 
CB1012 or CB1024.                        
6.3. Monitoring Evolutionary Dynamics in a Population under Selection 
Even though the initial rationale for using the TaqMAMA assay was to provide a means 
of validating the results obtained from ultra-deep DNA sequencing, it became apparent that the 
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technique provided a convenient method for following changes in the abundance of individual 
alleles as a function of time. Applying the TaqMAMA assay offers two advantages over the 
exclusive use of ultra-deep sequencing as performed in this study. First, it is more sensitive than 
sequencing, reproducibly detecting polymorphisms present below the level of detection available 
with 255X sequence coverage.  For example, TaqMAMA established that recA (D276A) could 
be detected in IR-1-13; ultra-deep sequencing did not detect it until IR-1-17.  Thus, TaqMAMA 
may be more useful in identifying the first detectable occurrence of a mutation in a population 
during evolution. Second, the TaqMAMA assay is less expensive and more easily applied when 
many stages in an adaptation are being investigated.  Provided one knows the base sequence of 
the polymorphism of interest, TaqMAMA allows a more detailed assessment of an allele’s 
evolutionary trajectory.   
In Chapter 5, I demonstrated the utility of this approach. I was able to provide direct 
experimental evidence that the processes of indirect selection and clonal interference are 
occurring in the adapting population IR-1. I was able to reveal indirect selection by following 
changes in the relative abundance of two synonymous mutations in the hofB and nlpI genes 
mirrored the movement of the recA (D276A) allele as it swept into IR-1.  As the frequency of 
recA (D276A) increased or decreased, the frequency of these synonymous mutations changed in 
equal proportion.  There is no evidence that either synonymous mutation affects IR resistance, 
but these parallel changes indicate that they are part of the genotype that includes recA (D276A), 
hitchhiking with that allele.   
I was able to verify the role of clonal interference in IR-1, by showing how recA 
(D276A) and dnaT (R145C) compete with related alleles during adaptation. The relative 
abundance of recA (D276A) influenced the abundance of recA (A289S).  As the amount of recA 
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(D276A) increased, the frequency of recA (A289S) decreased and vice versa, indicating this 
competition.  Similarly, decreased levels of dnaT (R145C) in IR-1 are matched with increases in 
priC (L163P) and dnaB (L75S).  
The ability to follow evolutionary dynamics in this level of detail are unprecedented. In 
an studies involving adaptation of bacteriophages to high temperatures, attempts to track 
mutations by direct sequencing (Bollback and Huelsenbeck, 2007). These authors sought to 
create temperature resistant phage by passaging them at progressively higher growth 
temperatures. The authors did not attempt to sequence the population as it evolved, instead they 
sequenced five clones following every ten passages. Their analysis revealed beneficial mutations 
and provided physical evidence of hitchhiking, but because they only examined a limited number 
of clones and missed everything between the samples, they could not say anything of the 
regularity of the events they report or how these events impact the overall process of adaptation.  
The combined use of sequencing and TaqMAMA allows an investigator to obtain an extremely 
high resolution view of how an allele behaves in relation to all other alleles in the population.  
Combining different TaqMAMA results obtained for different alleles in the same population 
enables an investigator to infer how one allele influences another. To my knowledge no other 
experimental technique with similar capability is available for the study of adaptive evolution.    
The only drawback of the TaqMAMA protocol (if you can call it a drawback) is the 
requirement that you know the sequences of the polymorphic allele and the wild type gene.  
Whereas, the population sequencing does not require any prior knowledge about the genetic 
changes that exist in a population, TaqMAMA requires prior knowledge of the sequences of 
interest. In our study, the ultra-deep DNA sequence enabled the use of TaqMAMA to explore 
evolutionary dynamics.    
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6.4. Future Directions 
To further elucidate the role of multiple alleles that could contribute to the IR resistance 
of CB1000 sub-lineage and CB1024 sub-lineage, mutant studies are required. The systematic 
transfer of narrowed candidates in CB1000 such as ClpP, DinI, PotD, YdcS and DdpF could 
confirm the role of these candidates if any. Similarly, the DnaB polymorphism present in 
CB1024 has to be studied. In addition, there may be other alleles not present in the three sub-
lineages of IR-1 population that could contribute for IR resistance of the evolved final 
population. The unique alleles identified at higher levels (more than 10%) by ultra-deep 
sequencing of final population would serve as a starting point. The construction of different 
combination of mutants could also help to understand evolutionary dynamics such as clonal 
interference. Studies are also required to identify the mechanisms behind other lineages 
independently created during evolution studies. 
6.5. Concluding Thoughts 
Adaptive laboratory evolution (ALE) has become an important tool in the field of 
metabolic engineering, being used to develop mutant strains that improve yields of desired 
products. The combined analysis of sequences from these ALE generated strains indicated that 
SNPs were most common type of mutation, accounting for 61% of total mutations (Portnoy et 
al., 2011).  ALE has created mutants to enhance production of ethanol (Wang et al., 2011), 
isobutanol (Atsumi et al., 2010) or organic acids (Kwon et al., 2011). The technique has 
improved utilization of iron by Geobacter sulfurreducens, a bacterium known for its use in 
bioremediation of ground water (Tremblay et al., 2011), and trained Streptomyces clavuligerus 
cultures to tolerate methicillin resistant Staphylococcus aureus. The resulting S. clavuligerus 
populations overproduced the antibiotic holomycin, as well as several unknown antibiotics 
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(Charusanti et al., 2012), denoting ALE’s potential to provide insight into problems of great 
biological importance.    
In each of these examples, a few clones from the final population were isolated and 
sequenced. The sequence data was used to infer the mechanisms involved, but as indicated by 
my studies, it seems likely that the clones recovered represent only a part of the genetic diversity 
in the population. The possibility that clonal interference suppresses clones, even clones with 
superior adaptive capacity, is possibly the most significant take home message from my work.  
As investigators using ALE proceed with their analysis of sequenced clones, they may be leaving 
the best work of evolution on the “cutting room floor.”  Given the potential significance of some 
ALE studies, I would advocate that such studies follow a paradigm similar to what I describe 
here. Investigators should obtain ultra-deep DNA sequence for the population that gave rise to 
their clones for comparison with the genome sequence of their clones of interest. It seems the 
only method for obtaining a complete representation of the breadth of possible solutions 








Abreu, I. A., Hearn, A., An, H., Nick, H. S., Silverman, D. N. and Cabelli, D. E. (2008). The 
kinetic mechanism of manganese-containing superoxide dismutase from Deinococcus 
radiodurans: a specialized enzyme for the elimination of high superoxide concentrations. 
Biochemistry 47(8): 2350-2356. 
Albuquerque, L., Simoes, C., Nobre, M. F., Pino, N. M., Battista, J. R., Silva, M. T., Rainey, F. 
A. and da Costa, M. S. (2005). Truepera radiovictrix gen. nov., sp. nov., a new radiation 
resistant species and the proposal of Trueperaceae fam. nov. FEMS Microbiol Lett 
247(2): 161-169. 
Archibald, F. S. and Fridovich, I. (1982). The scavenging of superoxide radical by manganous 
complexes: in vitro. Arch Biochem Biophys 214(2): 452-463. 
Atsumi, S., Wu, T. Y., Machado, I. M., Huang, W. C., Chen, P. Y., Pellegrini, M. and Liao, J. C. 
(2010). Evolution, genomic analysis, and reconstruction of isobutanol tolerance in 
Escherichia coli. Mol Syst Biol 6: 449. 
Battista, J. R., Earl, A. M. and Park, M. J. (1999). Why is Deinococcus radiodurans so resistant 
to ionizing radiation? Trends Microbiol 7(9): 362-365. 
Battista, J. R. and Rainey, F. A. (2001). The Deinococcaceae. I. In: Bergey’s Manual of 
Systematic Bacteriology. New York, Springer. 
Ben-Amotz, A. and Avron, M. (2002). Dunaliella bardawil can survive especially high irradiance 
levels by the accumulation of beta-carotene. Trends Biotechnol 8: 121-126. 
Bentchikou, E., Servant, P., Coste, G. and Sommer, S. (2010). A major role of the RecFOR 
pathway in DNA double-strand-break repair through ESDSA in Deinococcus 
radiodurans. PLoS Genet 6(1): e1000774. 
Billi, D., Friedmann, E. I., Hofer, K. G., Caiola, M. G. and Ocampo-Friedmann, R. (2000). 
Ionizing-radiation resistance in the desiccation-tolerant cyanobacterium 
Chroococcidiopsis. Appl Environ Microbiol 66(4): 1489-1492. 
Bjelland, S. and Seeberg, E. (2003). Mutagenicity, toxicity and repair of DNA base damage 
induced by oxidation. Mutat Res 531(1-2): 37-80. 
Blount, Z. D., Borland, C. Z. and Lenski, R. E. (2008). Historical contingency and the evolution 
of a key innovation in an experimental population of Escherichia coli. Proc Natl Acad Sci 
U S A 105(23): 7899-7906. 
Bollback, J. P. and Huelsenbeck, J. P. (2007). Clonal interference is alleviated by high mutation 
rates in large populations. Mol Biol Evol 24(6): 1397-1406. 
Bonura, T. and Smith, K. C. (1976). Letter: The involvement of indirect effects in cell-killing 
and DNA double-strand breakage in gamma-irradiated Escherichia coli K-12. Int J Radiat 
Biol Relat Stud Phys Chem Med 29(3): 293-296. 
91 
 
Breen, A. P. and Murphy, J. A. (1995). Reactions of oxyl radicals with DNA. Free Radic Biol 
Med 18(6): 1033-1077. 
Burrell, A. D., Feldschreiber, P. and Dean, C. J. (1971). DNA-membrane association and the 
repair of double breaks in x-irradiated Micrococcus radiodurans. Biochim Biophys Acta 
247(1): 38-53. 
Chao, L. and Cox, E. C. (1983). Competition between high and low mutating strains of 
Escherichia coli. Evolution 37: 125-134. 
Charusanti, P., Fong, N. L., Nagarajan, H., Pereira, A. R., Li, H. J., Abate, E. A., Su, Y., 
Gerwick, W. H. and Palsson, B. O. (2012). Exploiting adaptive laboratory evolution of 
Streptomyces clavuligerus for antibiotic discovery and overproduction. PLoS One 7(3): 
e33727. 
Chen, D. and Texada, D. E. (2006). Low-usage codons and rare codons of Escherichia coli. Gene 
therapy and Molecular Biology 10: 1-12. 
Chen, K., Wallis, J. W., McLellan, M. D., Larson, D. E., Kalicki, J. M., Pohl, C. S., McGrath, S. 
D., Wendl, M. C., Zhang, Q., Locke, D. P., Shi, X., Fulton, R. S., Ley, T. J., Wilson, R. 
K., Ding, L. and Mardis, E. R. (2009). BreakDancer: an algorithm for high-resolution 
mapping of genomic structural variation. Nat Methods 6(9): 677-681. 
Collins, M. D., Hutson, R. A., Grant, I. R. and Patterson, M. F. (2000). Phylogenetic 
characterization of a novel radiation-resistant bacterium from irradiated pork: description 
of Hymenobacter actinosclerus sp. nov. Int J Syst Evol Microbiol 50 Pt 2: 731-734. 
Cox, M. M. (2007). Motoring along with the bacterial RecA protein. Nat Rev Mol Cell Biol 8(2): 
127-138. 
Cox, M. M. and Battista, J. R. (2005). Deinococcus radiodurans - the consummate survivor. Nat 
Rev Microbiol 3(11): 882-892. 
Cox, M. M., Goodman, M. F., Kreuzer, K. N., Sherratt, D. J., Sandler, S. J. and Marians, K. J. 
(2000). The importance of repairing stalled replication forks. Nature 404(6773): 37-41. 
D'Hondt, S., Jorgensen, B. B., Miller, D. J., Batzke, A., Blake, R., Cragg, B. A., Cypionka, H., 
Dickens, G. R., Ferdelman, T., Hinrichs, K. U., Holm, N. G., Mitterer, R., Spivack, A., 
Wang, G., Bekins, B., Engelen, B., Ford, K., Gettemy, G., Rutherford, S. D., Sass, H., 
Skilbeck, C. G., Aiello, I. W., Guerin, G., House, C. H., Inagaki, F., Meister, P., Naehr, 
T., Niitsuma, S., Parkes, R. J., Schippers, A., Smith, D. C., Teske, A., Wiegel, J., Padilla, 
C. N. and Acosta, J. L. (2004). Distributions of microbial activities in deep subseafloor 
sediments. Science 306(5705): 2216-2221. 
Dadachova, E., Howell, R. W., Bryan, R. A., Frenkel, A., Nosanchuk, J. D. and Casadevall, A. 
(2004). Susceptibility of the human pathogenic fungi Cryptococcus neoformans and 
Histoplasma capsulatum to gamma-radiation versus radioimmunotherapy with alpha- and 
beta-emitting radioisotopes. J Nucl Med 45(2): 313-320. 
92 
 
Daly, M. J., Gaidamakova, E. K., Matrosova, V. Y., Kiang, J. G., Fukumoto, R., Lee, D. Y., 
Wehr, N. B., Viteri, G. A., Berlett, B. S. and Levine, R. L. (2010). Small-molecule 
antioxidant proteome-shields in Deinococcus radiodurans. PLoS One 5(9): e12570. 
Daly, M. J., Gaidamakova, E. K., Matrosova, V. Y., Vasilenko, A., Zhai, M., Leapman, R. D., 
Lai, B., Ravel, B., Li, S. M., Kemner, K. M. and Fredrickson, J. K. (2007). Protein 
oxidation implicated as the primary determinant of bacterial radioresistance. PLoS Biol 
5(4): e92. 
Daly, M. J., Gaidamakova, E. K., Matrosova, V. Y., Vasilenko, A., Zhai, M., Venkateswaran, A., 
Hess, M., Omelchenko, M. V., Kostandarithes, H. M., Makarova, K. S., Wackett, L. P., 
Fredrickson, J. K. and Ghosal, D. (2004). Accumulation of Mn(II) in Deinococcus 
radiodurans facilitates gamma-radiation resistance. Science 306(5698): 1025-1028. 
Daly, M. J. and Minton, K. W. (1996). An alternative pathway of recombination of chromosomal 
fragments precedes recA-dependent recombination in the radioresistant bacterium 
Deinococcus radiodurans. J Bacteriol 178(15): 4461-4471. 
Datsenko, K. A. and Wanner, B. L. (2000). One-step inactivation of chromosomal genes in 
Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U S A 97(12): 6640-6645. 
Davies, R. and Sinskey, A. J. (1973). Radiation-resistant mutants of Salmonella typhimurium 
LT2: development and characterization. J Bacteriol 113(1): 133-144. 
Davis, N. S., Silverman, G. J. and Masurovsky, E. B. (1963). Radiation-Resistant, Pigmented 
Coccus Isolated from Haddock Tissue. J Bacteriol 86: 294-298. 
Dean, C. J. and Alexander, P. (1962). Sensitization of radio-resistant bacteria to X-rays by 
iodoacetamide. Nature 196(1324): 1324-1326. 
DiRuggiero, J., Santangelo, N., Nackerdien, Z., Ravel, J. and Robb, F. T. (1997). Repair of 
extensive ionizing-radiation DNA damage at 95 degrees C in the hyperthermophilic 
archaeon Pyrococcus furiosus. J Bacteriol 179(14): 4643-4645. 
Duggan, D. E., Anderson, A. W. and Elliker, P. R. (1963). Inactivation of the Radiation-
Resistant Spoilage Bacterium Micrococcus Radiodurans. Ii. Radiation Inactivation Rates 
as Influenced by Menstruum Temperature, Preirradiation Heat Treatment, and Certain 
Reducing Agents. Appl Microbiol 11: 413-417. 
Fernandez De Henestrosa, A. R., Ogi, T., Aoyagi, S., Chafin, D., Hayes, J. J., Ohmori, H. and 
Woodgate, R. (2000). Identification of additional genes belonging to the LexA regulon in 
Escherichia coli. Mol Microbiol 35(6): 1560-1572. 
Ferreira, A. C., Nobre, M. F., Moore, E., Rainey, F. A., Battista, J. R. and da Costa, M. S. 
(1999). Characterization and radiation resistance of new isolates of Rubrobacter 




Ferreira, A. C., Nobre, M. F., Rainey, F. A., Silva, M. T., Wait, R., Burghardt, J., Chung, A. P. 
and da Costa, M. S. (1997). Deinococcus geothermalis sp. nov. and Deinococcus murrayi 
sp. nov., two extremely radiation-resistant and slightly thermophilic species from hot 
springs. Int J Syst Bacteriol 47(4): 939-947. 
Gerard, E., Jolivet, E., Prieur, D. and Forterre, P. (2001). DNA protection mechanisms are not 
involved in the radioresistance of the hyperthermophilic archaea Pyrococcus abyssi and 
P. furiosus. Mol Genet Genomics 266(1): 72-78. 
Gerrish, P. J. and Lenski, R. E. (1998). The fate of competing beneficial mutations in an asexual 
population. Genetica 102-103(1-6): 127-144. 
Ghosh, S., Ramirez-Peralta, A., Gaidamakova, E., Zhang, P., Li, Y. Q., Daly, M. J. and Setlow, 
P. (2011). Effects of Mn levels on resistance of Bacillus megaterium spores to heat, 
radiation and hydrogen peroxide. J Appl Microbiol 111(3): 663-670. 
Glaab, W. E. and Skopek, T. R. (1999). A novel assay for allelic discrimination that combines 
the fluorogenic 5' nuclease polymerase chain reaction (TaqMan) and mismatch 
amplification mutation assay. Mutat Res 430(1): 1-12. 
Gladyshev, E. and Meselson, M. (2008). Extreme resistance of bdelloid rotifers to ionizing 
radiation. Proc Natl Acad Sci U S A 105(13): 5139-5144. 
Gottesman, S. (1996). Proteases and their targets in Escherichia coli. Annu Rev Genet 30: 465-
506. 
Green, P. N. and Bousfield, I. J. (1983). Emendation of Methylobacterium Patt, Cole, and 
Hanson 1976; Methylobacterium rhodinum (Heumann 1962) comb. nov. corrig. ; 
Methylobacterium radiotolerans (It0 and Iizuka 1971) comb. nov. corrig. ; and 
Methylobacterium mesophilicum (Austin and Goodfellow 1979) comb. nov. Int J Syst 
Bacteriol 33: 875-877. 
Greener, A. and Hill, C. W. (1980). Identification of a novel genetic element in Escherichia coli 
K-12. J Bacteriol 144(1): 312-321. 
Harris, D. R., Pollock, S. V., Wood, E. A., Goiffon, R. J., Klingele, A. J., Cabot, E. L., 
Schackwitz, W., Martin, J., Eggington, J., Durfee, T. J., Middle, C. M., Norton, J. E., 
Popelars, M. C., Li, H., Klugman, S. A., Hamilton, L. L., Bane, L. B., Pennacchio, L. A., 
Albert, T. J., Perna, N. T., Cox, M. M. and Battista, J. R. (2009). Directed evolution of 
ionizing radiation resistance in Escherichia coli. J Bacteriol 191(16): 5240-5252. 
Harris, D. R., Tanaka, M., Saveliev, S. V., Jolivet, E., Earl, A. M., Cox, M. M. and Battista, J. R. 
(2004). Preserving genome integrity: the DdrA protein of Deinococcus radiodurans R1. 
PLoS Biol 2(10): e304. 
Hastings, J. W., Holzapfel, W. H. and Niemand, J. G. (1986). Radiation resistance of lactobacilli 
isolated from radurized meat relative to growth and environment. Appl Environ 
Microbiol 52(4): 898-901. 
94 
 
Heller, R. C. and Marians, K. J. (2007). Non-replicative helicases at the replication fork. DNA 
Repair (Amst) 6(7): 945-952. 
Herring, C. D., Raghunathan, A., Honisch, C., Patel, T., Applebee, M. K., Joyce, A. R., Albert, 
T. J., Blattner, F. R., van den Boom, D., Cantor, C. R. and Palsson, B. O. (2006). 
Comparative genome sequencing of Escherichia coli allows observation of bacterial 
evolution on a laboratory timescale. Nat Genet 38(12): 1406-1412. 
Hirsch, P., Gallikowski, C. A., Siebert, J., Peissl, K., Kroppenstedt, R., Schumann, P., 
Stackebrandt, E. and Anderson, R. (2004). Deinococcus frigens sp. nov., Deinococcus 
saxicola sp. nov., and Deinococcus marmoris sp. nov., low temperature and draught-
tolerating, UV-resistant bacteria from continental Antarctica. Syst Appl Microbiol 27(6): 
636-645. 
Holt, K. E., Teo, Y. Y., Li, H., Nair, S., Dougan, G., Wain, J. and Parkhill, J. (2009). Detecting 
SNPs and estimating allele frequencies in clonal bacterial populations by sequencing 
pooled DNA. Bioinformatics 25(16): 2074-2075. 
Horikawa, D. D., Sakashita, T., Katagiri, C., Watanabe, M., Kikawada, T., Nakahara, Y., 
Hamada, N., Wada, S., Funayama, T., Higashi, S., Kobayashi, Y., Okuda, T. and 
Kuwabara, M. (2006). Radiation tolerance in the tardigrade Milnesium tardigradum. Int J 
Radiat Biol 82(12): 843-848. 
Hwang, B. J., Park, W. J., Chung, C. H. and Goldberg, A. L. (1987). Escherichia coli contains a 
soluble ATP-dependent protease (Ti) distinct from protease La. Proc Natl Acad Sci U S 
A 84(16): 5550-5554. 
Ito, H., Watanabe, H., Takeshia, M. and Iizuka, H. (1983). Isolation and identification of 
radiation-resistant cocci belonging to the genus Deinococcus from sewage sludges and 
animal feeds. Agric Biol Chem 47: 1239-1247. 
Jayaraman, R. (2011). Hypermutation and stress adaptation in bacteria. J Genet 90(2): 383-391. 
Jenney, F. E., Jr., Verhagen, M. F., Cui, X. and Adams, M. W. (1999). Anaerobic microbes: 
oxygen detoxification without superoxide dismutase. Science 286(5438): 306-309. 
Johnson, T. E. and Hartman, P. S. (1988). Radiation effects on life span in Caenorhabditis 
elegans. J Gerontol 43(5): B137-141. 
Jolivet, E., L'Haridon, S., Corre, E., Forterre, P. and Prieur, D. (2003). Thermococcus 
gammatolerans sp. nov., a hyperthermophilic archaeon from a deep-sea hydrothermal 
vent that resists ionizing radiation. Int J Syst Evol Microbiol 53(Pt 3): 847-851. 
Jonah, C. D. and Rao, B. S. M. (2001). Radiation Chemistry: Present status and future trends. 
Amsterdam, Elsevier. 
Karlin, S. and Brocchieri, L. (1996). Evolutionary conservation of RecA genes in relation to 
protein structure and function. J Bacteriol 178(7): 1881-1894. 
95 
 
Keller, L. C. and Maxcy, R. B. (1984). Effect of physiological age on radiation resistance of 
some bacteria that are highly radiation resistant. Appl Environ Microbiol 47(5): 915-918. 
Kilburn, R. E., Bellamy, W. D. and Terni, S. A. (1958). Studies on a radiation-resistant 
pigmented Sarcina sp. Radiat Res 9(2): 207-215. 
Kim, J. I. (2006). Analysis of double stranded DNA-dependent activities of Deinococcus 
radiodurans RecA protein. J Microbiol 44(5): 508-514. 
Kim, J. I. and Cox, M. M. (2002). The RecA proteins of Deinococcus radiodurans and 
Escherichia coli promote DNA strand exchange via inverse pathways. Proc Natl Acad Sci 
U S A 99(12): 7917-7921. 
Kish, A., Kirkali, G., Robinson, C., Rosenblatt, R., Jaruga, P., Dizdaroglu, M. and DiRuggiero, J. 
(2009). Salt shield: intracellular salts provide cellular protection against ionizing 
radiation in the halophilic archaeon, Halobacterium salinarum NRC-1. Environ Microbiol 
11(5): 1066-1078. 
Kitayama, S. and Matsuyama, A. (1968). Possibility of the repair of double-strand scissions in 
Micrococcus radiodurans DNA caused by gamma-rays. Biochem Biophys Res Commun 
33(3): 418-422. 
Kopylov, V. M., Bonch-Osmolovskaya, E. A., Svetlichny, V. A., Mirochnichenko, M. L. and 
Skobkin, V. S. (1993). Gamma irradiation resistance and UV-senitivity of extremely 
thermophilic archaebacteria and eubacteria. Mikrobiologiia 62: 90-95. 
Kottemann, M., Kish, A., Iloanusi, C., Bjork, S. and DiRuggiero, J. (2005). Physiological 
responses of the halophilic archaeon Halobacterium sp. strain NRC1 to desiccation and 
gamma irradiation. Extremophiles 9(3): 219-227. 
Kowalczykowski, S. C., Dixon, D. A., Eggleston, A. K., Lauder, S. D. and Rehrauer, W. M. 
(1994). Biochemistry of homologous recombination in Escherichia coli. Microbiol Rev 
58(3): 401-465. 
Krasin, F. and Hutchinson, F. (1977). Repair of DNA double-strand breaks in Escherichia coli, 
which requires recA function and the presence of a duplicate genome. J Mol Biol 116(1): 
81-98. 
Krisch, R. E., Flick, M. B. and Trumbore, C. N. (1991). Radiation chemical mechanisms of 
single- and double-strand break formation in irradiated SV40 DNA. Radiat Res 126(2): 
251-259. 
Kuzminov, A. (1999). Recombinational repair of DNA damage in Escherichia coli and 
bacteriophage lambda. Microbiol Mol Biol Rev 63(4): 751-813, table of contents. 
Kwon, Y. D., Kim, S., Lee, S. Y. and Kim, P. (2011). Long-term continuous adaptation of 
Escherichia coli to high succinate stress and transcriptome analysis of the tolerant strain. 
J Biosci Bioeng 111(1): 26-30. 
96 
 
Lai, W. A., Kampfer, P., Arun, A. B., Shen, F. T., Huber, B., Rekha, P. D. and Young, C. C. 
(2006). Deinococcus ficus sp. nov., isolated from the rhizosphere of Ficus religiosa L. Int 
J Syst Evol Microbiol 56(Pt 4): 787-791. 
Lenski, R. E., Mongold, J. A., Sniegowski, P. D., Travisano, M., Vasi, F., Gerrish, P. J. and 
Schmidt, T. M. (1998). Evolution of competitive fitness in experimental populations of E. 
coli: what makes one genotype a better competitor than another? Antonie Van 
Leeuwenhoek 73(1): 35-47. 
Lessard, I. A., Pratt, S. D., McCafferty, D. G., Bussiere, D. E., Hutchins, C., Wanner, B. L., 
Katz, L. and Walsh, C. T. (1998). Homologs of the vancomycin resistance D-Ala-D-Ala 
dipeptidase VanX in Streptomyces toyocaensis, Escherichia coli and Synechocystis: 
attributes of catalytic efficiency, stereoselectivity and regulation with implications for 
function. Chem Biol 5(9): 489-504. 
Li, B., Kadura, I., Fu, D. J. and Watson, D. E. (2004). Genotyping with TaqMAMA. Genomics 
83(2): 311-320. 
Li, H., Ruan, J. and Durbin, R. (2008). Mapping short DNA sequencing reads and calling 
variants using mapping quality scores. Genome Res 18(11): 1851-1858. 
Lieber, A., Leis, A., Kushmaro, A., Minsky, A. and Medalia, O. (2009). Chromatin organization 
and radio resistance in the bacterium Gemmata obscuriglobus. J Bacteriol 191(5): 1439-
1445. 
Little, J. W. (1982). Control of the SOS regulatory system by the level of RecA protease. 
Biochimie 64(8-9): 585-589. 
Little, J. W. (1991). Mechanism of specific LexA cleavage: autodigestion and the role of RecA 
coprotease. Biochimie 73(4): 411-421. 
Liu, J. and Marians, K. J. (1999). PriA-directed assembly of a primosome on D loop DNA. J Biol 
Chem 274(35): 25033-25041. 
Liu, Y., Zhou, J., Omelchenko, M. V., Beliaev, A. S., Venkateswaran, A., Stair, J., Wu, L., 
Thompson, D. K., Xu, D., Rogozin, I. B., Gaidamakova, E. K., Zhai, M., Makarova, K. 
S., Koonin, E. V. and Daly, M. J. (2003). Transcriptome dynamics of Deinococcus 
radiodurans recovering from ionizing radiation. Proc Natl Acad Sci U S A 100(7): 4191-
4196. 
Lopper, M., Boonsombat, R., Sandler, S. J. and Keck, J. L. (2007). A hand-off mechanism for 
primosome assembly in replication restart. Mol Cell 26(6): 781-793. 
Lusetti, S. L., Drees, J. C., Stohl, E. A., Seifert, H. S. and Cox, M. M. (2004a). The DinI and 
RecX proteins are competing modulators of RecA function. J Biol Chem 279(53): 55073-
55079. 
Lusetti, S. L., Voloshin, O. N., Inman, R. B., Camerini-Otero, R. D. and Cox, M. M. (2004b). 
The DinI protein stabilizes RecA protein filaments. J Biol Chem 279(29): 30037-30046. 
97 
 
Maisin, J., Lambert, G. and Van Duyse, E. (1955). [Selection, adaptation, mutation and acquired 
radioresistance to x-rays in Saccharomyces cerevisiae]. C R Seances Soc Biol Fil 149(23-
24): 2276-2280. 
Mao, E. F., Lane, L., Lee, J. and Miller, J. H. (1997). Proliferation of mutators in A cell 
population. J Bacteriol 179(2): 417-422. 
Marians, K. J. (1992). Prokaryotic DNA replication. Annu Rev Biochem 61: 673-719. 
Marians, K. J. (2000). PriA-directed replication fork restart in Escherichia coli. Trends Biochem 
Sci 25(4): 185-189. 
Marians, K. J. (2004). Mechanisms of replication fork restart in Escherichia coli. Philos Trans R 
Soc Lond B Biol Sci 359(1441): 71-77. 
Markillie, L. M., Varnum, S. M., Hradecky, P. and Wong, K. K. (1999). Targeted mutagenesis 
by duplication insertion in the radioresistant bacterium Deinococcus radiodurans: 
radiation sensitivities of catalase (katA) and superoxide dismutase (sodA) mutants. J 
Bacteriol 181(2): 666-669. 
Mattimore, V. and Battista, J. R. (1996). Radioresistance of Deinococcus radiodurans: functions 
necessary to survive ionizing radiation are also necessary to survive prolonged 
desiccation. J Bacteriol 178(3): 633-637. 
McCool, J. D., Ford, C. C. and Sandler, S. J. (2004). A dnaT mutant with phenotypes similar to 
those of a priA2::kan mutant in Escherichia coli K-12. Genetics 167(2): 569-578. 
Mehta, P., Casjens, S. and Krishnaswamy, S. (2004). Analysis of the lambdoid prophage element 
e14 in the E. coli K-12 genome. BMC Microbiol 4: 4. 
Michel, B. (2005). After 30 years of study, the bacterial SOS response still surprises us. PLoS 
Biol 3(7): e255. 
Milbourne, K. (1983). Thermal tolerance of Lactobacillus viridescens in ham. Meat Sci 9(2): 
113-119. 
Miller, J. H. (1972). Generalized transduction: Use of P1 in strain construction. In Experiments 
in Molecular Genetics. New York, Cold Spring Harbor: 201-205. 
Miller, J. H. (1992). A short course in bacterial genetics. New York, Cold Spring Harbor 
Laboratory Press. 
Mortimer, R. K. (1958). Radiobiological and genetic studies on a polyploid series (haploid to 
hexaploid) of Saccharomyces cerevisiae. Radiat Res 9(3): 312-326. 
Murray, R. G. E. (1992). The family Deinococcaceae. In The prokaryotes, A. Ballows, H.G. 
Truper, M. Dworkin, W. Harder, and K.H. Scheilefer, eds. New York, Springer-Verlag. 
Narumi, I., Satoh, K., Cui, S., Funayama, T., Kitayama, S. and Watanabe, H. (2004). PprA: a 
novel protein from Deinococcus radiodurans that stimulates DNA ligation. Mol 
Microbiol 54(1): 278-285. 
98 
 
Nishimura, Y., Uchida, K., Tanaka, K., Ino, T. and Ito, H. (1994). Radiation sensitivities of 
Acinetobacter strains isolated from clinical sources. J Basic Microbiol 34(5): 357-360. 
Norais, C. A., Chitteni-Pattu, S., Wood, E. A., Inman, R. B. and Cox, M. M. (2009). DdrB 
protein, an alternative Deinococcus radiodurans SSB induced by ionizing radiation. J 
Biol Chem 284(32): 21402-21411. 
Nurse, P., Liu, J. and Marians, K. J. (1999). Two modes of PriA binding to DNA. J Biol Chem 
274(35): 25026-25032. 
Parisi, A. and Antoine, A. D. (1974). Increased radiation resistance of vegetative Bacillus 
pumilus. Appl Microbiol 28(1): 41-46. 
Phillips, R. W., Wiegel, J., Berry, C. J., Fliermans, C., Peacock, A. D., White, D. C. and 
Shimkets, L. J. (2002). Kineococcus radiotolerans sp. nov., a radiation-resistant, gram-
positive bacterium. Int J Syst Evol Microbiol 52(Pt 3): 933-938. 
Portnoy, V. A., Bezdan, D. and Zengler, K. (2011). Adaptive laboratory evolution--harnessing 
the power of biology for metabolic engineering. Curr Opin Biotechnol 22(4): 590-594. 
Radman, M. (1975). SOS repair hypothesis: phenomenology of an inducible DNA repair which 
is accompanied by mutagenesis. Basic Life Sci 5A: 355-367. 
Rainey, F. A., Ray, K., Ferreira, M., Gatz, B. Z., Nobre, M. F., Bagaley, D., Rash, B. A., Park, 
M. J., Earl, A. M., Shank, N. C., Small, A. M., Henk, M. C., Battista, J. R., Kampfer, P. 
and da Costa, M. S. (2005). Extensive diversity of ionizing-radiation-resistant bacteria 
recovered from Sonoran Desert soil and description of nine new species of the genus 
Deinococcus obtained from a single soil sample. Appl Environ Microbiol 71(9): 5225-
5235. 
Richmond, R. C., Sridhar, R. and Daly, M. J. (1999). Physicochemical survival pattern for the 
radiophile Deinococcus radiodurans: a polyextremophile model for life on Mars. . SPIE 
3755: 210-222. 
Rodgers, M. A., Sokol, H. A. and Garrison, W. M. (1968). The radiation-induced "hydrolysis" of 
the peptide boned. J Am Chem Soc 90(3): 795-796. 
Rozen, D. E., de Visser, J. A. and Gerrish, P. J. (2002). Fitness effects of fixed beneficial 
mutations in microbial populations. Curr Biol 12(12): 1040-1045. 
Saito, T., Miyabe, R., Ide, H. and Yamamoto, O. (1997). Hydroxyl radical scavenging ability of 
bacterioruberin. Radiat Phys Chem 50: 267-269. 
Sambrook, J. and Russell, D. W. (2001). Molecular Cloning: A laboratory edition. New York, 
Cold Spring Harbor Laboratory Press. 
Sauer, R. T., Ross, M. J. and Ptashne, M. (1982). Cleavage of the lambda and P22 repressors by 
recA protein. J Biol Chem 257(8): 4458-4462. 
99 
 
Schaich, K. M. (1980a). Free radical initiation in proteins and amino acids by ionizing and 
ultraviolet radiations and lipid oxidation--Part 22: ultraviolet radiation and photolysis. 
Crit Rev Food Sci Nutr 13(2): 131-159. 
Schaich, K. M. (1980b). Free radical initiation in proteins and amino acids by ionizing and 
ultraviolet radiations and lipid oxidation--part III: free radical transfer from oxidizing 
lipids. Crit Rev Food Sci Nutr 13(3): 189-244. 
Schlesinger, D. J. (2007). Role of RecA in DNA damage repair in Deinococcus radiodurans. 
FEMS Microbiol Lett 274(2): 342-347. 
Setlow, P. (1992). I will survive: protecting and repairing spore DNA. J Bacteriol 174(9): 2737-
2741. 
Sghaier, H., Narumi, I., Satoh, K., Ohba, H. and Mitomo, H. (2007). Problems with the current 
deinococcal hypothesis: an alternative theory. Theory Biosci 126(1): 43-45. 
Shahmohammadi, H. R., Asgarani, E., Terato, H., Saito, T., Ohyama, Y., Gekko, K., Yamamoto, 
O. and Ide, H. (1998). Protective roles of bacterioruberin and intracellular KCl in the 
resistance of Halobacterium salinarium against DNA-damaging agents. J Radiat Res 
39(4): 251-262. 
Shirkey, B., McMaster, N. J., Smith, S. C., Wright, D. J., Rodriguez, H., Jaruga, P., Birincioglu, 
M., Helm, R. F. and Potts, M. (2003). Genomic DNA of Nostoc commune 
(Cyanobacteria) becomes covalently modified during long-term (decades) desiccation but 
is protected from oxidative damage and degradation. Nucleic Acids Res 31(12): 2995-
3005. 
Slade, D., Lindner, A. B., Paul, G. and Radman, M. (2009). Recombination and replication in 
DNA repair of heavily irradiated Deinococcus radiodurans. Cell 136(6): 1044-1055. 
Slade, D. and Radman, M. (2011). Oxidative stress resistance in Deinococcus radiodurans. 
Microbiol Mol Biol Rev 75(1): 133-191. 
Spinks, J. W. T. and Woods, R. J. (1990). Introduction to radiation chemistry. New York, Wiley 
and Sons. 
Story, R. M. and Steitz, T. A. (1992). Structure of the recA protein-ADP complex. Nature 
355(6358): 374-376. 
Sugiman-Marangos, S. and Junop, M. S. (2010). The structure of DdrB from Deinococcus: a new 
fold for single-stranded DNA binding proteins. Nucleic Acids Res 38(10): 3432-3440. 
Sweet, D. M. and Moseley, B. E. (1976). The resistance of Micrococcus radiodurans to killing 
and mutation by agents which damage DNA. Mutat Res 34(2): 175-186. 
Tanaka, M., Earl, A. M., Howell, H. A., Park, M. J., Eisen, J. A., Peterson, S. N. and Battista, J. 
R. (2004). Analysis of Deinococcus radiodurans's transcriptional response to ionizing 
radiation and desiccation reveals novel proteins that contribute to extreme 
radioresistance. Genetics 168(1): 21-33. 
100 
 
Tenaillon, O., Rodriguez-Verdugo, A., Gaut, R. L., McDonald, P., Bennett, A. F., Long, A. D. 
and Gaut, B. S. (2012). The molecular diversity of adaptive convergence. Science 
335(6067): 457-461. 
Tenaillon, O., Taddei, F., Radmian, M. and Matic, I. (2001). Second-order selection in bacterial 
evolution: selection acting on mutation and recombination rates in the course of 
adaptation. Res Microbiol 152(1): 11-16. 
Tian, B., Wu, Y., Sheng, D., Zheng, Z., Gao, G. and Hua, Y. (2004). Chemiluminescence assay 
for reactive oxygen species scavenging activities and inhibition on oxidative damage of 
DNA in Deinococcus radiodurans. Luminescence 19(2): 78-84. 
Tian, B., Xu, Z., Sun, Z., Lin, J. and Hua, Y. (2007). Evaluation of the antioxidant effects of 
carotenoids from Deinococcus radiodurans through targeted mutagenesis, 
chemiluminescence, and DNA damage analyses. Biochim Biophys Acta 1770(6): 902-
911. 
Tougu, K., Peng, H. and Marians, K. J. (1994). Identification of a domain of Escherichia coli 
primase required for functional interaction with the DnaB helicase at the replication fork. 
J Biol Chem 269(6): 4675-4682. 
Tremblay, P. L., Summers, Z. M., Glaven, R. H., Nevin, K. P., Zengler, K., Barrett, C. L., Qiu, 
Y., Palsson, B. O. and Lovley, D. R. (2011). A c-type cytochrome and a transcriptional 
regulator responsible for enhanced extracellular electron transfer in Geobacter 
sulfurreducens revealed by adaptive evolution. Environ Microbiol 13(1): 13-23. 
UNSCEAR (1982). United Nations Scientific Committee on the Effects of Atomic Radiation. 
Ionizing radiation: Sources and biological effects. New York, United Nations Publication 
No. E.82.IX.8. 
Vaisanen, O. M., Weber, A., Bennasar, A., Rainey, F. A., Busse, H. J. and Salkinoja-Salonen, M. 
S. (1998). Microbial communities of printing paper machines. J Appl Microbiol 84(6): 
1069-1084. 
Valko, M., Rhodes, C. J., Moncol, J., Izakovic, M. and Mazur, M. (2006). Free radicals, metals 
and antioxidants in oxidative stress-induced cancer. Chem Biol Interact 160(1): 1-40. 
van Gerwen, S. J., Rombouts, F. M., van't Riet, K. and Zwietering, M. H. (1999). A data analysis 
of the irradiation parameter D10 for bacteria and spores under various conditions. J Food 
Prot 62(9): 1024-1032. 
von Sonntag, C. (1987). The chemical basis for radiation biology. London, Taylor and Francis. 
Wang, J., Hartling, J. A. and Flanagan, J. M. (1997). The structure of ClpP at 2.3 A resolution 
suggests a model for ATP-dependent proteolysis. Cell 91(4): 447-456. 
Wang, P. and Schellhorn, H. E. (1995). Induction of resistance to hydrogen peroxide and 
radiation in Deinococcus radiodurans. Can J Microbiol 41(2): 170-176. 
101 
 
Wang, X., Kim, Y., Ma, Q., Hong, S. H., Pokusaeva, K., Sturino, J. M. and Wood, T. K. (2010). 
Cryptic prophages help bacteria cope with adverse environments. Nat Commun 1: 147. 
Wang, Y., Manow, R., Finan, C., Wang, J., Garza, E. and Zhou, S. (2011). Adaptive evolution of 
nontransgenic Escherichia coli KC01 for improved ethanol tolerance and homoethanol 
fermentation from xylose. J Ind Microbiol Biotechnol 38(9): 1371-1377. 
Webb, K. M. and Diruggiero, J. (2012). Role of Mn
2+
 and compatible solutes in the radiation 
resistance of thermophilic bacteria and archaea. Archaea 2012: 845756. 
Whitehead, K., Kish, A., Pan, M., Kaur, A., Reiss, D. J., King, N., Hohmann, L., DiRuggiero, J. 
and Baliga, N. S. (2006). An integrated systems approach for understanding cellular 
responses to gamma radiation. Mol Syst Biol 2: 47. 
Williams, E., Lowe, T. M., Savas, J. and DiRuggiero, J. (2007). Microarray analysis of the 
hyperthermophilic archaeon Pyrococcus furiosus exposed to gamma irradiation. 
Extremophiles 11(1): 19-29. 
Witkin, E. M. (1946a). A case of inherited resistance to radiation in bacteria. Genetics 31: 236. 
Witkin, E. M. (1946b). Inherited Differences in Sensitivity to Radiation in Escherichia Coli. Proc 
Natl Acad Sci U S A 32(3): 59-68. 
Wright, S. J. and Hill, E. C. (1968). The development of radiation-resistant cultures of 
Escherichia coli I by a process of 'growth-irradiation cycles'. J Gen Microbiol 51(1): 97-
106. 
Yuzhakov, A., Turner, J. and O'Donnell, M. (1996). Replisome assembly reveals the basis for 
asymmetric function in leading and lagging strand replication. Cell 86(6): 877-886. 
Zahradka, K., Slade, D., Bailone, A., Sommer, S., Averbeck, D., Petranovic, M., Lindner, A. B. 
and Radman, M. (2006). Reassembly of shattered chromosomes in Deinococcus 
radiodurans. Nature 443(7111): 569-573. 
Zhang, L., Yang, Q., Luo, X., Fang, C., Zhang, Q. and Tang, Y. (2007). Knockout of crtB or crtI 
gene blocks the carotenoid biosynthetic pathway in Deinococcus radiodurans R1 and 
influences its resistance to oxidative DNA-damaging agents due to change of free 
radicals scavenging ability. Arch Microbiol 188(4): 411-419. 
Zhang, S. P., Zubay, G. and Goldman, E. (1991). Low-usage codons in Escherichia coli, yeast, 
fruit fly and primates. Gene 105(1): 61-72. 
Zimmer, D. P., Soupene, E., Lee, H. L., Wendisch, V. F., Khodursky, A. B., Peter, B. J., Bender, 
R. A. and Kustu, S. (2000). Nitrogen regulatory protein C-controlled genes of 
Escherichia coli: scavenging as a defense against nitrogen limitation. Proc Natl Acad Sci 
U S A 97(26): 14674-14679. 
Zimmerman, J. M. and Battista, J. R. (2005). A ring-like nucleoid is not necessary for 
radioresistance in the Deinococcaceae. BMC Microbiol 5: 17. 
102 
 
APPENDIX A:  MATERIALS AND METHODS 
A. Bacterial Strains and Plasmids  
The bacterial strains and plasmids used in this study are listed in tables A.3. and A.4. All 
strains were grown in Luria-Bertani (LB) broth (1% tryptone, 1% NaCl and 0.5% yeast extract) 
or on LB plates (1.5% Agar) at 37
0
C unless stated.  The E. coli cultures carrying the red helper 
plasmid (pKD46) were grown at 30
0
C. For the preparation of competent cells of E. coli carrying 
the Red helper plasmid, the cultures were grown in SOB medium (2% tryptone, 0.5% yeast 
extract, 0.05% NaCl, 2.5mM KCl and 10mM MgCl2) with ampicillin and 10mM L-arabinose.  
The transformants were selected in SOC medium (SOB medium with 20mM glucose). The 
antibiotics ampicillin (Am), chloramphenicol (Cm) and kanamycin (Kn) were added to final 
concentration of 100 µg/ml, 25 µg/ml and 50µg/ml respectively whenever required. The cultures 
were suspended in M9 minimal medium during irradiation experiments. The composition of 
minimal medium ( 1 liter) is as follows: 12.8 g Na2HPO4.7H2O, 3 g KH2PO4, 0.5 g NaCl, 1.0 g 
NH4Cl, 0.2 %  (V/V) glucose, 1mM MgS04 and 100µM CaCl2 (Sambrook and Russell, 2001). 
B. Plasmid Isolation 
 Plasmids were isolated using the QIAGEN Miniprep kit (QIAGEN Inc., Valencia, CA) 
or an alkaline lysis procedure (Sambrook and Russell, 2001). 
C. Chromosomal DNA Isolation 
The overnight cultures (1.5 ml) were taken for chromosomal DNA isolation using 






D. Population Sequencing 
Genomic DNA was isolated from the populations IR-1-11, IR-1-13, IR-1-17 and IR-1-20. 
The purity of the DNA was checked by A260/280. The genome sequencing of the population and 
analysis was done as described earlier (Harris et al., 2009).  
E. TaqMAMA Assay 
TaqMAMA assay was done using either Taqman probe or SYBR Green as the detector.  
For each of the allele to be tested, two types of forward primers and a common reverse primer 
were designed according to the earlier studies describing the sensitivity of the mismatches (Li et 
al., 2004) and sequences of the primers are given in tables A.4 to A.7.  The reactions were 
conducted in a 96-well format using an ABI prism 7000 sequence detection system. Three 
threshold cycle (Ct) values was obtained for each allele using a range of bacterial DNA quantity 
equivalent of 3000, 30000, 300000, 400000, 500000 and 600000 copies of founder DNA and 
wild forward primer. A standard curve was obtained when the log scale copy numbers plotted 
against the average of the three Ct values using the Microsoft Excel spreadsheet. An example of 
such curve is given by figure A.1.  Similar standard curves were created for all the alleles studied 
with TaqMAMA.  
Three Ct values were obtained for each allele using wild or mutant forward primer and 
reverse primer in each of the genomic DNA sample amounting to approximately 300,000 copies. 
The average of the Ct value was used to calculate average copy number from the equation given 
by the graph (substituting for x).  
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Figure A.1. The standard curve for recA (D276A) mutation. The log copy number is the log of 
the copy numbers of genome used in the QPCR and the Ct value is average of three Ct values 
obtained independently. The equation indicated above the line is used to calculate the copy 
number (y value) at a given Ct value (x value) 
 
E.1. TaqMAMA Assay using Taqman Probe 
The reactions were set with 25 µl TaqMan
® 
Universal master mix, 900 nM of each 
forward and reverse primer and 250 nM probe in 50 μl final volume.  The temperature and times 
of analysis of the reaction mixture were the initial steps of 50
0
C for 2 minutes, 95
0
C for 10 
minutes followed by amplification steps for 40 cycles at 95
0
C for 15 seconds, 60
0
C for 1 minute.  
E.2. TaqMAMA Assay using SYBR green 
 The reactions were set in 50 µl volume containing 25 µl SYBR Green PCR master mix, 
50 nM forward primer and reverse primers. The temperature and time conditions were similar to 
above except the addition of dissociation stage of 95
0
C for 15 seconds, 60
0
C for 20 seconds and 
95
0
C for 15 seconds at the end of amplification.  
E.3. Calculation of SNP Frequency 
The quantity of wild type allele and SNP allele in genome equivalent of 300,000 copies 
were calculated using different forward primer in different wells. The SNP frequency for each 




























cycle of evolution was calculated by dividing the SNP copy number by the sum of SNP copy 
number plus wild type allele copy number.  
E.4. Comparison between TaqMan Probe and SYBR green in Real Time PCR Analysis 
 In order to quantify the efficiency of SYBR green to detect amplification in MAMA 
assay, we compared the data collected using TaqMan probe to SYBR green (Table A.1.). As 
seen in table, the level of mutant allelic percentage detected by SYBR green and TaqMan probe 
is nearly same suggesting that SYBR green can be used in place of TaqMan for TaqMAMA 
assay.  
Table A.1. Comparison of mutant allelic percentage detected by Taqman probe and SYBR green 
Polymorphism Population cycle Mutant allelic 




by SYBR green 
RecA D276A 13 1.72 2.433 
 17  51.845 51.234 
 20 43.725 41.788 
RecA A289S 13 5.75 4.651 
 17 7.228 5.811 
 20 27.76 29.271 
 
E.4. Sensitivity of TaqMAMA Assay 
 To test the sensitivity of the TaqMAMA assay, different quantities of the Founder and 
CB1014, a strain that has nucleotide change (T to G) in recA position 2820962, were mixed and 
their combined genomic DNA were isolated.  The fraction of the recA allele present was 
determined using the TaqMAMA assay. (Tables A.2). As seen in the table, the mutant allele can 






Table A.2. Detection sensitivity of mutant allelic primers for detecting T to G transversion in 
recA allele position 2820962. 

























S1 1350 µl 150 µl of CB1014 1:10 10 12.845 
S2 1470 µl 30 µl of CB1014 1:50 2 2.104 
S3 1480 µl 20 µl of CB1014 1:75 1.333 1.236 
S4 1350 µl 150 µl  of S1 1:100 1 1.278 
S5 1350 µl 150 µl  of S4 1:1000 0.1 0.086 
S6 1350 µl 150 µl  of S5 1:10000 0.01 0.012 
Control 1 1500 µl    No 0 0 0.009 
Control 2 ----------- 1500 µl of CB1014 1:0 100 99.615 
 
F. Construction of Mutants 
 The mutants were initially generated using modified Wanner method (Datsenko and 
Wanner, 2000) and mutant allele was transferred within the strains using P1 transduction (Miller, 
1972).   
F.1. Construction of Point Mutants using Modified Wanner Method 
F.1.1. Generation of the PCR Product 
The mutant allele of a gene was PCR amplified using the primers described in table A.6. 
The PCR product was gel purified and cloned into the pET45b (+) vector using the restriction 
enzymes BamHI and XhoI. The resulting plasmid was digested with restriction enzyme XhoI and 
used for cloning the FRT-Kn-FRT cassette amplified from the plasmid pKD4 also cut with same 
XhoI enzyme. The cloned plasmid having mutant allele along with FRT-Kn-FRT cassette was 
used to generate the final PCR product. The final PCR product was obtained using forward 
primer designed to amplify 20 bases upstream of a gene of interest along with the reverse primer 
designed to amplify 40 bases downstream of the gene of interest along with 17 bases of the pET 
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vector 30 bases downstream of FRT-Kn-FRT cassette (Fig. A.2). The final PCR product gel 
purified, digested with DpnI enzyme and again gel purified and used in transformation. 
 
 
        Upstream           Mutant                     FRT Antibiotic resistance FRT    Downstream 
Figure A.2. Picture depicting the PCR gene product used for transformation in creating the 
mutant with the specific alleles. The PCR product contained 20 bases upstream of a gene and 40 
bases downstream of a gene. It also includes the mutant allele variation of the gene of interest 
followed by antibiotic cassette coding for kanamycin resistance flanked by FRT sites at the ends. 
 
F.1.2. Preparation of Competent Cells 
 The required host cell was first transformed with Red helper plasmid, pKD46 that aids in 
transformation with linear PCR product. The transformed strain was grown overnight in SOB 
medium with ampicillin (100 µg/ml) and 1mM L-arabionse at 30
0
C. The overnight culture was 
sub-cultured into the fresh SOB medium with 10mM L-arabionse at ratio of 1:100 and grown for 
the exponential phase (O.D. 0.4-0.6). The cells were then pelleted, washed three times with ice-
cold water, twice with half volume of ice-cold 10% glycerol and finally in 1/50 volume of ice-









F.1.3. Electroporation and Generation of the Mutants 
The 50µl electrocompetent cells as added with 10-100ng of PCR product and transferred 
into the pre-chilled cuvette. Electroporation was carried out using Eppendorf 2510 electroporater 
apparatus (Eppendorf North America Inc, USA) at 1,800 V. The cells were added with SOC 
medium and grown at 30
0
C for one hour and then transformants were selected in LB plates with 
kanamycin (50µg/ml) at 37
0




F.2. Construction of Mutants using P1 Transduction 
 The list of donors and recipients used in the P1 transduction along with the strains 
generated are given in table A.9.  All the donor strains had the kanamycin cassette linked to the 
gene of interest that is transferred to the recipient enabling selection with P1 transduction. The 
P1 transduction was done according to earlier publications (Miller, 1992). The Kn
R
 donor strains 
were grown overnight and subcultured at 1:100 ratio in LB medium with 0.2% glucose and 5mM 
CaCl2. The P1 lysates (approximately 10
10
 pfu/ml) were added to subcultures after 30 minutes of 
growth at 37
0
C, and grown till the bacterial cells lyse. The recipient cells were added with 
different volumes of donor P1 lysates, incubated at 37
0
C for 20 minutes and then transformants 
were selected on LB plates with kanamycin (50µg/ml) and 4mM sodium citrate at 37
0
C. 
F.3. Confirmation of the Mutants 
The transformants obtained through modified Wanner method or P1 transduction were 
verified using the TaqMAMA assay. The controls were the founder and strain carrying the 
particular mutation for wild type primer and mutant primer respectively. The confirmed mutants 
have near 100% mutant allelic percentage and almost nil wild type alleles. 
F.4. Removal of Antibiotic Cassette 
The mutants were transformed with pCP20 plasmid and Cm
R
 transformants were selected 
at 30
0
C in LB plates with chloramphenicol (25µg/ml). The pCP20 has temperature sensitive 
replication and expresses FLP recombinase which helps in excision of kanamycin cassette. The 
transformants selected at 30
0
C were grown at 43
0
C and then tested for the loss of all antibiotic 





G. Survival Curve  
The exponential phase of cultures (O.D. 0.6-0.8) were pelleted, washed and re-suspended 
in M9 minimal medium.  The cultures were exposed to different doses of irradiation using a 
Model 484R 
60
CO irradiator (J.LL Shepherd & Associates, San Fernando, CA) at dose rate of 6.3 
Gy/minute. Irradiated cultures were serially diluted, plated in LB plates and scored after 24 
hours.  Survival curve was plotted and analyzed using SigmaPlot software version 9.0. 
 
Table A.3. E. coli strains used in this study 
Strains Genotype/Description References 
Founder A single colony isolate of E. 
coli MG1655 
(Harris et al., 2009) 
CB1000 A single colony isolate from 
final evolved population 
(Harris et al., 2009) 
CB1012 As above (Harris et al., 2009) 
CB1013 As above (Harris et al., 2009) 
CB1014 As above (Harris et al., 2009) 
CB1015 As above (Harris et al., 2009) 
CB1024 As above (Harris et al., 2009) 
CB1025 As above (Harris et al., 2009) 
CB2000 As above (Harris et al., 2009) 
CB3000 As above (Harris et al., 2009) 
CB4000 As above (Harris et al., 2009) 
EAW77 E. coli MG1655 ∆e14  (Harris et al., 2009) 
EAW110 E. coli MG1655 but position 
4599105 G to A change  
(dnaT R145C) 
(Harris et al., 2009) 
JBMP3 Founder  ∆e14 This study 
JBMP4 Founder but position 4599105 
G to A change (dnaT R145C) 
This study 
JBMR2 Founder but position 2820924 
C to A change (recA A289S) 
This study 
JBMR3 Founder but position 2820962 
T to G change (recA D276A) 
This study 
JBM5 Founder but position 489549 
A to G change (priC L162P) 
This study 
JBMK1 JBMR3 ∆e14 This study 




Table A.3. cont.  
Strains Genotype/Description References 
JBMK3 JBMR3 but position 4599105 
G to A change (dnaT R145C) 
This study 
JBMK4 JBMR2 but position 4599105 
G to A change (dnaT R145C) 
This study 
JBMK7 JBMK1 but position 4599105 




Table A.4. Plasmids used in this study 
Plasmids Genotype/Description References 
pET 45b(+) Cloning expression vector Novagen 
pKD46 λ Red recombinase system, Am
R
 (Datsenko and Wanner, 
2000) 




(Datsenko and Wanner, 
2000) 
pCP20 Temperature sensitive replication, thermal 






(Datsenko and Wanner, 
2000) 
pRecA2 pET45b(+) with recA position 2820924 C to A 
change inserted between BamHI and XhoI sites 
This study 
kRecA2 pRecA2 with FRT-Kn-FRT cassette inserted into 
the XhoI site 
This study 
pRecA3 pET45b(+) with recA position 2820962 T to G 
change inserted between BamHI and XhoI sites 
This study 
kRecA3 pRecA3 with FRT-Kn-FRT cassette inserted into 
the XhoI site 
This study 
pPriC pET45b(+) with priC position 489549 A to G 
change inserted between BamHI and XhoI sites 
This study 
kPriC pPriC with FRT-Kn-FRT cassette inserted into 
the XhoI site 
This study 






 denote ampicillin, 
chloramphenicol and kanamycin resistance respectively. Position numbers are those assigned to 
E. coli MG1655. 
 
Table A.5. Strains created by P1 transduction 
 
Strain created Donor Recipient 
JBM P3 EAW77 Founder 
JBM P4 EAW110 Founder 
JBM K1  EAW77 JBM R3 
JBM K2 EAW77 JBM R2 
111 
 




Strain created Donor Recipient 
JBM K3 EAW 110 JBM R3 
JBM K4 EAW110 JBM R2 
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